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VENTCF2: AN ALGORITHM AND ASSOCIATED FORTRAN 77 SUBROUTINE FOR CALCULATING
FLOW THROUGH A HORIZONTAL CEILING/FLOOR VENT IN A ZONE-TYPE COMPARTMENT FIRE
MODEL

Leonard Y. Cooper

ABSTRACT

An algorithm and associated FORTRAN 77 subroutine, called VENTCF2, is presented for calculating the
effects on two-layer compartment fire environments of the quasi-steady flow through a circular, shallow
(i.e., small ratio of depth to diameter), horizontal vent connecting two spaces. The two spaces can be
either two inside rooms of a mutti-room facility or one inside room and the outside ambient environment
local to the vent. The description of the flow through the vent is determined by combining considerations
of the uni-directional-type of flow driven by a cross-vent pressure difference and, when appropriate, the
combined pressure- and buoyancy-driven flows which occur when the density configuration across the
vent is unstable, i.e., a relatively cool, dense gas in the upper space overlays a less dense gas in the
lower space. In the algorithm, calculation of the rates of flow exchange between the two spaces is based
on previously reported model equations. Characteristics of the geometry and the instantaneous
environments of the two spaces are assumed to be known and specified as inputs. The outputs
calculated by the algorithm/subroutine are the rates and the properties of the vent flow at the elevation
of the vent as it enters the top space from the bottom space and/or as it enters the bottom space from
the top space. Rates of mass, enthalpy, and products of combustion extracted by the vent flows from
upper and lower layers of inside room environments and from outside ambient spaces are determined
explicitly. VENTCF2 is an advanced version of the algorithm/subroutine VENTCF in that it includes an
improved theoretical and experimental basis. The subroutine is completely modular and it is suitable for
general use in two-layer, multi-room, zone-type fire model computer codes. It has been tested over a wide
range of input variables and these tests are described.

Keywords: bullding fires; compartment fires; computer models; fire models; fire research;
mathematical models; vents; zone models



INTRODUCTION

This work presents an algorithm and associated FORTRAN 77 subroutine, called VENTCF2, to calculate
under arbitrary conditions the instantaneous effects on two-layer fire environments of the quasi-steady flow
through a horizontal vent connecting two spaces involved in a compartment fire. The subroutine is
designed to be modular and easy to integrate into any two-layer zone-type compartment fire model. The
algorithm VENTCF2, which was developed in [2], is based on ideas outlined in [1], theoretical consider-
ations of [3], and experimental data from reduced-scale hot-air/cool-air experiments of [4] and salt-wa-
ter/fresh-water experiments of [5] and [6]. VENTCF2 is an advanced version of the algorithm/subroutine
VENTCF [1, 7] which was developed without benefit of [3]-[5].

Flow through horizontal vents is a general problem associated with ventilation of enclosed, heated/cooled
spaces. It is a problem whose general solution is required, for example, if one is to be able to predict the
spread of smoke (i.e., fire-heated and -contaminated air) and the flow of fresh air (i.e., oxygen, which
could sustain a fire, lack of which could extinguish a fire) during fires in multi-room facilities. Reference
here is to smoke spread between contiguous rooms, or between a smoky room and the outside
environment, separated by a horizontal partition (i.e., ceiling/floor) with penetrations (i.e., vents), where
room-to-room or room-to-outside, cross-vent, pressure differences of arbitrary magnitude and direction
can be generated by forced-ventilation HVAC systems, thermal buoyancy forces (i.e., stack effect), and/or
wind effects. The problem has application in fire scenarios involving top-vented atria, stairwells, ship
holds, etc. The purpose for this work is to provide a computational tool that can be used to predict these
phenomena.

THE BASIC PROBLEM

Consider the flow through a horizontal ceiling/fioor vent connecting two spaces, one on top of the other,
involved in a fire-generated environment. The two spaces can be two inside rooms of a multi-room facility,
as depicted in Figure 1a of APPENDIX A (page VENTCF2 - 15), or they can be comprised of one inside
room of a facility and one outside space, either above or below the room, which is used to simulate
conditions, local to the vent, of the outside ambient. The latter configurations are depicted in Figures 1b
and 1c of APPENDIX A, respectively.

When the upper gas is less dense than the lower gas, i.e., the fluid configuration is stable, the flow
through the vent is determined by a traditional orifice-type flow model. Then, flow is determined by the
cross-vent pressure difference without any regard for buoyancy effects (see, e.g., References [8] and [9]).
When the configuration is unstable and the upper gas is more dense than the lower gas, the effects of
combined pressure and buoyancy forces can be significant. For example if the cross-vent pressure is
relatively small, less than the critical value, Apg oop: the unstable density configuration leads to an
exchange-type of flow, with gas in the lower space rising into the upper space and gas from the upper
space dropping into the lower space, where the flow rate from the high- to the low-pressure side of the
vent is the larger of the two. Even when the cross-vent pressure difference is large enough to produce
uni-directional fiow, the effect of buoyancy can be great enough to reduce significantly the fiow rate from
what it would be in the absence of a cross-vent density difference. In the present algorithm, for the case
of unstable configurations the calculation of the flow between the two spaces is based on the analysis
of [2], which uses theoretical considerations of [3], and experimental data of [4] (hot-air/cool-air in the uni-
directional flow regime, flow from top to bottom) and of [5] and [6] (salt-water/fresh/water vent flows in
the exchange-flow regime).

The algorithm/subroutine VENTCF2 would be used to calculate the net instantaneous rates of addition of

mass, enthaipy, and products of combustion of interest and the properties of the vent flows to each of
the two connected spaces at the elevation of the vent. A determination of where such flows go once they
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enter the receiving spaces would be determined with the use of additional algorithms and associated
subroutines. These additional algorithms, which would use the output of the present algorithm/subroutine,
would be based on considerations beyond the scope of the present work.

A flow through the horizontal vent which enters one of the spaces joined by the vent is extracted from the
other space. Depending on the configuration of the two spaces, the direction of the flow, and, inthe case
of inside rooms, the elevation of the two-layer interface (i.e., at the floor, ceiling, or in-between), the
present algorithm determines explicitly the rates of extraction of mass, enthalpy, and products of
combustion from the upper and lower layers of the one or two inside rooms and/or from an outside
ambient space joined by the vent under consideration. Along with other components of flow to or from
the layers of the inside rooms, determined with the use of other algorithms, these rates would be used
to continue in time the solution to the equations of the overall fire model. These are the equations used
to simulate mathematically the facility’s overall dynamic fire environment.

LIMITATIONS ON VENT SHAPE

For unstable density configurations, the model of [2] and, therefore, the algorithm/subroutine presented
here is for flow through a circular, shallow (i.e., small ratio of depth-to-diameter), horizontal vent. It is
expected that the model will give reasonable estimates of flow even for non-circular vents, provided the
aspect ratio (maximum-to-minimum span) of a vent shape of interest is not too much different than unity.
Indeed, one of the example calculations of [2], which includes comparisons with some relevant
experimental data, provides limited support for the applicability of the model in the case of square vents.
However, when cross-vent pressure differences are small-to-moderate compared 10 Apg oop, Use of the
model for high-aspect-ratio and/or moderate-to-large-depth vents is not valid. Results beyond those
developed in [2] are required before the present work can be evaluated for its use in predicting flows
through the latter types of vent shapes.

THE ALGORITHMS AND ASSOCIATED FORTRAN 77 SUBROUTINES VENTCF2 AND VENTCF2A FOR
CALCULATING THE EFFECTS OF FLOW THROUGH HORIZONTAL CEILING/FLOOR VENTS

The algorithm VENTCF2 and a listing of its associated subroutine, coded in FORTRAN 77, is presented
in APPENDIX A. This is a stand-alone document that can be inserted as a new entry into the catalog of
modular algorithms and associated FORTRAN 77 subroutines of [10]. APPENDIX B includes stand-alone
documentation and the associated subroutine for VENTCF2A, a modification of VENTCF2. VENTCF2A
provides special considerations for *smoothing® rates of layer extraction from the flow source room at
times of relatively thin adjacent-vent layers. When used in a full zone model, and depending on the
integration software for the particular model, the considerations in VENTCF2A eliminate singularities that
may cause convergence problems in fire simulations at times when adjacent-vent layers are growing or
shrinking from near-zero depths.

Reference [10] is a catalog of algorithms/subroutines useful for simulating the physical phenomena in
multi-room zone-type compartment fire model computer codes. Pagination of the two documents of the
present APPENDIXES A and B, and of all entries of the Reference [10] catalog is according to name of
the particular algorithm/subroutine (in this case, VENTCF2 and VENTCF2A) and page number of the
catalog entry.

The catalog of [10] was conceived of as a growing document where the entries would be available for
general use by people interested in: developing or improving, for their own particular needs, a general
or special-purpose multi-room zone-type compartment fire model; or predicting isolated compartment fire
phenomena, for whatever reason.



The development, technology transfer, and use of a Reference-[10]-type of catalog of algorithms and
associated subroutines is enhanced by maintaining guidelines for a uniform format of algorithm/subroutine
documentation. In this regard a prototype format was developed and used in all Reference-[10]
algorithm/subroutine catalog entries. This format, which is followed here, includes the following elements:

TITLE - Should indicate the main purpose of the algorithm/subroutine.

DESCRIPTION - General description of the algorithm.

OUTPUT - List of output variables, including definitions and units.

INPUT - List of input variables, including definitions and units.

CALCULATIONS - Concise description of the rules for obtaining the output variables
from the input variables. This would include or refer explicitly to
all equations required in the calculation. If other algo-
rithms/subroutines are required, then these should be readily
available and referenced.

SUBROUTINES - Listing of or explicit reference to each

USED algorithm/subroutine used to carry out the
calculations.

REFERENCES - A list of references.

SUBROUTINE - cross-reference of all nomenclature (including

VARIABLES units) introduced in the above sections to the nomenclature used

PREPARED BY

in the FORTRAN 77 subroutine.

Names of those who prepared the algorithm/subroutine and date
of preparation.

SUBROUTINE - Listing of the subroutine. This would be well-commented and
would include a summary of the purpose of the subroutine and
definitions (including units) of its input and output variables.

TESTING THE SUBROUTINES
Subroutine VENTCF2

Extensive parametric testing of the subroutine VENTCF2 has been carried out. A wide range of
environment scenarios were considered for each of the three basic configurations of Figure 1 of VENTCF2
(page VENTCF2 - 15 of the APPENDIX A). For each configuration, parameters were varied in a manner
as to simulate all possible combinations of the following:

a for the two layers of an inside space: the usual case with two non-zero-thickness layers
(i.e., layer interface between the ceiling and the floor), or one non-zero-thickness layer
and one zero-thickness layer (i.e., layer interface at the ceiling or floor);

b. stable or unstable cross-vent density configuration;
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c. the reference elevation for an outside space is above, at, or below the vent elevation;

d. 1.0 atmosphere reference pressure, Pgge 1, in the top space (i.e., Ppar = 101325Pa with
SPper1 = Prer1 - Poar = 0) with reference pressure in the bottom space, Pree2: varying
from 0.01 atmospheres to 2.0 atmospheres (i.., -0.99Ppar < 6Pper2 = Ppay); and

e. 1.0 atmosphere reference pressure, Paggo in the bottom space (i.e., ppar = 101325Pa
with 8Ppegs = Prer2 - Poar = 0) with reference pressure in the top space, Pger,+» varying
from 0.01 atmospheres to 2.0 atmospheres (i.e., -0.99pp,r < 8Prer1 = Ppar)

Five distinct elevations (relative to a datum elevation), y,, N = 110 5, and three distinct densities, py, N
= 1 to 3, were required to construct the environment scenarios. These were chosen to be:

y, = 0.0m; y, = 1.5m; y; = 3.0m; y, = 4.5m; Y5 = 6.0m
M
p, = 1.00kg/m® p, = 0.50kg/m® p, = 0.25kg/m®

When the environment of an inside room involved two layers, the layer densities were specified to be in
a stable configuration (i.e., a low density layer above a high density layer).

All scenarios involve an example vent of area A, = 1m?

Table 1 identifies all configurations and environment specifications that were used in the parametric
testing of the subroutine. This involved 162 basic Cases. Each Case involved a separate parametric
study of over two thousand calls to the subroutine. These covered the above pressure range of either
condition d. or condition e. The calls involved incremental changes of the relative reference pressures,
8Pges4 for condition e and SpPger, for condition d, which were small enough to reveal details of the
exchange-flow phenomena, these being sensitive to fractional-pascal-level variations in cross-vent
pressure differences.

For each Case, Table 1 identifies values of the parameters which define the configuration of the two
spaces, as illustrated in Figure 1 of VENTCF2, and the states of the environments in the spaces. These
are the parameters used to call the subroutine. (The reader is referred to the NOMENCLATURE Section
for explanation of terms used in the table.) Also explicitly identified in the table are those Cases which
involve unstable cross-vent density configurations. When cross-vent pressure differences are small
enough in magnitude, such Cases lead to the exchange-flow phenomena which are of particular interest.

Presented in Figures 1 and 2 are plots of the calculated mass flow rates to upper room 1, Mygyr4, @and

to lower room 2, Mvem.z- as functions of the computed cross-vent pressure difference, Ap, for Cases 28,
29, and 30. As in Eq. (2) of VENTCF2, Ap, an output variable of the subroutine, is defined as

Ap = P, - Py @

where p, and p, are the pressures in the top and bottom spaces at the elevation of the vent (see Figure
2 of VENTCF2).

As indicated in Table 1, Cases 28, 29, and 30 involve two inside rooms where, as depicted in Figure 1a
of VENTCF2, both of these have an upper and a lower layer. Case 28 involves a neutrally-stable cross-
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vent density conﬁguration since the density immediately above the vent (in the lower layer of room 1), p ,

= p, = 0.50kg/m", is identical to the density immediately below the vent (in the upper layer of room 2).

Cases 29 and 30 involve an unstable cross-vent density configuration since the density immediately above

tohgo\‘/(er/\t, P = p, = 1.0kg/m?, is greater than the density immediately below the vent, p,, = p, =
.50kg/m”.

The scale of the Ap abscissa of Figure 1 is relatively coarse, and the plots reveal the calculated mass flow
rates through the vent as a result of large cross-vent pressure differences, i.e.,, when effects of
compressibility become significant as could be the case, for example, for fires in nearly-hermetically-sealed
facilities. In the figure, the sharp breaks in the Mygyr; and Mygnr Plots for Cases 28 and 30 and for Case
29, respectively, correspond to cross-vent pressure differences, Ap, which separate choked from
unchoked flow through the vent. Define pyqy @nd Py as the absolute pressures on the high- and low-
pressure side of the vent, respectively. Then, consistent with Eqs. (7)-(15) of VENTCF2, such choking
occurs for air (i.e., v = 1.40) when [9, 11]

Prow/Prian < [2/(y + N)"Y "V = 0.528 @

As indicated in Figure 1, for Case 29 the parameters specified in Table 1 lead to a prediction of choked
vent flow from room 1 to room 2 approximately when Ap < -0.472ppar = -0.478(10°)Pa. Similarly, for
Cases 28 and 30 the parameters specified in Table 1 lead to a rediction of choked vent flow from room
1 to room 2 approximately when Ap < -0.894pp,; = -0.906(10°)Pa. Also, for Cases 28 and 30, choked
flow from room 2 to room 1 is predicted when Ap = 0.472pp,r = 0.478(10%Pa. Finally, for Case 29,
choked flow from room 2 to room 1 is predicted when Ap = 0.894pp,r = 0.906(10%)Pa.

The scale of the Ap abscissa of Figure 2 is relatively fine, and the plots reveal the calculated mass flow
rates through the vent when the cross-vent pressure differences are at or close to zero. Since the Case-
28 density configuration is neutrally-stable, i.e., only uni-directional or zero flow is possible, the mass flow
rates through the vent corresponding to Ap = 0 are seento be identically zero. However, for the unstable
cross-vent density configurations of Cases 29 and 30, the vent flow algorithm is seen to lead to the
exchange-flow phenomenon. In particular, there is a non-zero vent flow exchange between the top and
bottom spaces whenever |Ap| < Apg oop Where APg oop iS defined in Eq. (20) of VENTCF2.

Subroutine VENTCF2A

The subroutine VENTCF2A was found to give plausible results when tested in CCFM.VENTS [10, 12-14]
with a variety of time-dependent one- and two-room fire scenarios. Except for the small-scale, limited-
regime data of [4-6], which were used to develop VENTCF2, the algorithm has not been validated
experimentally.
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NOMENCLATURE

A, Area of vent

Myeno | = 1102 Mass flow rate of vent flow component entering space |

Ppat Datum absolute pressure

PuigH Maximum of (p,, P,)

PLow Minimum of (P, P,)

Prerrr 1 = 1,2 Absolute pressure in space | at reference elevation yper,

P, [PJ] Absolute hydrostatic pressure in top [bottom] space at vent elevation

Yo Yu Yrforspace | Yeewr Yiaverr and Ygee, respectively

Yot Yrerds | = 1,2 If space | is inside room: elevation of ceiling [floor] of room | above datum
elevation; if space | is "outside room": ycgy , and Yger, @re identical and equal to
reference elevation of space | above datum elevation, i.e., Yeei1 = Yaer)

Yaveap 1 = 1.2 If space | is inside room: elevation of upper/lower layer interface in room | above
datum elevation; if space | is "outside room®. ¥ xvep) = Yrer)

YVENT Elevation of vent above datum elevation

bp P2 - Py

APe 00D Minimum value of |Ap], in cases of unstable cross-vent density configurations,

leading to uni-directional vent flow; Eq. (20) of APPENDIX A
Aproopy = 1.2 Apg,oop fOr onset of uni-directional flow into space I

SPpern 1 =1, 2 Pressure at reference elevation, yge.,» in space | above datum absolute pressure,
Ppar if space | is inside room, then 8pge, and ygeg, Correspond to pressure and
elevation, respectively, within the room and at floor

puloglit=1, 2 If space | is inside room: density of lower [upper] layer in room | if volume of
lower [upper] layer is non-zero (if lower [upper] layer volume is zero then p,,
[py,] is not used in calculation); if space | is "outside room*: p| ,is uniform density
there and p; = p|



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
py = 1.00kg/m® > p, = 0.50kg/m’ > p; = 0.25kg/m®
y, =00m <y, = 1.5m <y, =3.0m <y, = 4.5m < y; = 6.0m
Ppar = 1-01325(10%)Pa; A, = 1m’
CASES 1-54: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -
FIGURE 1a of APPENDIX A
CASE SPACE SPACE
NO. . 2
Lower Lower
Layer Layer
Yr=Ya Yr=Y1
YL.=Ys YL =Y;3
Yc=Ys Yc=Y3
1 PLIZP2<PL2=P1
2 PLI=P2<PL2=P1
3 PLATP1=PL2
4 PLATP1=PL2
: : PLISP1ZPL2™P2
PLI=P1ZPL2=P
Two L1TP17PL2™P2
Layers
Yr=Y14
YL =VY2
Yc=Ys
7 PLISPI<PY2=P2<PL2=P1
8 PLISP3I<PY2=P2<PL2™P1
9 PLAZ=P2=PU2<PL2=P1
10 PLITP2=PY2<PL2™P1
11 * PLI=P1>Pu2=P2<PL2™P1
12 * PLI=P1>PY2=P2<PL2=P1
Upper
Layer
Yr=¥1
YL =Yy
Yc=Y3
13 PL1=P2<Pu2=P1
14 PLITP2<PuU2=P1
15 PLI=P1=PY2
.
PLA=P1>PY2=P
18 . JL L1=P17Pu2™P2

PLIZP1>Py2=P2

* Unstable cross-vent density configuration

&PRer1=0-Ppar<éPrer2=Ppar
8Prer2=0-~Ppar<éPrer,1SPpar
8Pger,1=0--PpaT <SPrer25Ppar
8Pger2=0.-Ppar<SPRer1SPpar
8Pgrer 1=0--Ppar<SPRrer2SPpar
8Prer2=0--Ppar <SPREF,15PpaAT

8Pger1=0--Ppar<Prer2SPpar
SPRer 2=0. 'PoA'r<'sPnE|=,1 SPpar
8Pper 1 =0--Ppar<6PRer25Ppar
8Prer1=0-~PpaT<éPrer2SPpar
8PRer2=0--Ppar<SPrer15Ppar

8Pper 1 =0--PpaT<SPRer2SPpar
8Pper2=0--Ppar<6Prer,1SPoat
8Pper 1=0--PpaT<SPrer25Ppar
8Prer2=0-Ppar<éPrer15Ppar
8PRer1=0--Ppar<SPrer25Ppar
Prer2=0.-PoaT<6PRer,15Ppar



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont'd)
py = 1.00kg/m® > p, = 0.50kg/m® > p; = 0.25kg/m’
y; =00m <y, =15m<y; = 3.20m <y, =45m < yg = 6.0m
Ppar = 1:01325(10%)Pa; A, = 1m
CASES 1-54: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -
(CONT'D) FIGURE 1a of APPENDIX A
CASE SPACE SPACE
NO. 1 2
Two Lower
Layer Layer
Yr=Y3 Yr=Y1
Y =Y YL =Y3
Yc=Ys Yc=Y3
19 PLI=P2<PL2=P1
20 PLI=P2<PL2=P1
21 PLITP1=PL2
22 PLATP1=PL2
:3 : PLATP1PPL27P2
PLI=P1>PL2=P
Two L1=P17PL2™F 2
Layers
) O
YL =Y2
Ye=Ys3
25 PLI=P3<PY2=P2<PL2=P1
26 PLI=P3I<PU2=P2<PL2=P1
27 PLI=P2=PL2<PL2=P1
28 PLITP2=PU2<PL2%P1
29 * PLITP1>Py2=P2<PL2=P1
30 * PLI=P1>Py2=P2<PL2=P1
Upper
Layer
Yr=Y4
Y L=V,
Ye=Y3
31 PLASP2<PU2=P1
32 PLITP2<PU2™P1
33 PLI=P1=Py2
33; . PLAT=P1 :Pu,z
PLI=PY>Py2=
36 . | L1=P1%Pu2=P2

PLITP1ZPu2=P2

* Unstable cross-vent density configuration

10

8Pger 1=0.-Ppar<SPrer2SPpar
8PRer2=0--Ppar<SPrer,1 SPpaT
8PRer1=0-"Ppar<SPrer2SPpar
8Prer2=0--Ppat<SPrer 1S Ppat
8Pger1=0--Ppar<SPrer2SPpar
&PRer2=0.-PpaT<SPRreF,15Ppar

5Pner, 1 =0.,-Ppar<SPger -2SPpat
5Pner.z=°-v'PoAr<6Pns|=. 1SPpar
éan,', =o.,-pm.|.<‘Sp,,s,,’zsp,,A.r
6pm2=0.,-pm7<6pm 15Ppart
8Pgrer1=0--Ppar<SPrer2SPpar
8PRer2=0--PpaT<SPrer15PpaT

8Prer1=0--Ppar<SPprer2=Poar
8Pper2=0--Ppar<8Prer1=Ppat
6PREF,1 =°".pDAT<6pREF,25pDAT
8Prer2=0--PpaT<SPper15Ppar
8PRer1=0-~Ppat<8Prer25Ppar
8PRer2=0--Ppar<SPrer,15PpaT



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont'd)
py = 1.00kg/m® > p, = 0.50kg/m’ > py = 0.25kg/m’
y; =00m <y, =15m <y, = 3.20m <y, = 45m < yg = 6.0m
Ppar = 1:01325(10%)Pa; Ay = 1m
CASES 1-54: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -
(CONT’D) FIGURE 1a of APPENDIX A
CASE SPACE SPACE
NO. A 2
Upper Lower
Layer Layer
Yr=Ys Yr=Y4
Y =Y, YL=Y;3
Ye=Ys Ye=Y3
7 PN TP2<PL2™P1
38 PUI=P2<PL2™P1
39 Py I=PI=PL2
40 PUATP1=PL2
41 * PUA=P1ZPL2=P2
42 * PUAITP1ZPL2=P2
Two
Layers
Ya=Y4
Yo &Y2
Yc=Ys
43 PUZPI<PU2=P2<PL2=P1
44 Pu1=P3<PY2=P2<PL2=P1
45 PUI=P2=PU2<PL2"P1
46 PUA=P2=PU2<PL2=P1
47 * PUI=P1>PU2=P2<PL2=P1
48 * PUI=P1>PY2=P2<PL2=P1
Upper
Layer
YR=Y4
L=V1
Yc=Y3
49 Pu=P2<PY2=P1
50 Py 1=P2<PU2=P1
51 PUI=P1=Pu2
52 PUI=P1=Puy2
83 * PUIZP17PU2=P2
54 * v

PUITP1ZPU2=P2

* Unstable cross-vent density configuration

1

8Pgrer1=0.-Ppar <SPrer2=Ppar
cSpﬂE,,'2=().,-me<6p,_.“5,,_,spm.r
8Prer1=0--Ppar<SPrer2=Ppar
8Prer2=0-Ppar<éPRer,1SPpar
8Pgrer1=0-Ppar<SPrer2SPpat
8Prer2=0-Ppar<SPrer;1SPpar

éanF' 1 =0.,-pm.r<6pm - 2SPpat
8Prer2=0--Ppar<6Prer,1SPpar
8Ppgr1=0--Ppar<SPrer25Ppoat
8Pgper2=0-Ppar<SPRer1SPpar
6p,,EF_1 =0.,-pm7<6pmzspm7
8Prer2=0--Ppar<SPrer15Ppar

8Prer.1=0-Ppar<SPrer2SPpar
8Prer2=0--PpaT<éPRer1SPoar
8PRrer1=0--Ppar<SPrerF2=Ppar
8Prer2=0--Ppar<SPrer 1 SPpar
8Prer2=0-Ppar<SPrer1SPpar



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont'd)
py = 1.00kg/m® > p, = 0.50kg/m* > p; = 0.25kg/m’
y; =00m<y,=15m<y, =3.0m<y, = 4.5m < y; = 6.0m
Ppar = 1:01325(10%Pa; A, = 1m?
CASES 55-108: SPACE 1 (TOP SPACE) IS OUTSIDE SPACE, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -
FIGURE 1b of APPENDIX A
CASE SPACE SPACE
NO. . 2
All Lower
One Layer
Layer
Yr=Ya Ya=Y4
Yi=Ye YL=Ys3
Y=Y Y=Y,
55 PLAZP2<PL2=P1
56 PLITP2<PL2=P1
57 PLITP1=P L2
58 PLISP1=PL2
:: : PLITP1ZPL2=P2
PLASP1>PL2=P
Two L1=P17PL2=P2
Layers
Yr=Y1
Y =Y,
Yc=Y3
61 PL1=P3<PY2=P2<PL2=P1
62 PLITPI<PU2=P2<PL 2=P1
63 PL1I=P2=PY 2<PL2=P1
64 . PLA=P2=PU2<PL2=P1
65 . PLISP1>PY2=P2<PL2=P1
66 PLIZP1ZPU2=P2<PL2=P1
Upper
Layer
Yr=Y1
Y =Y
Yc*Y;
67 PLISP2<PY2=P1
68 PLI=P2<Py2=P4
69 PLI=P1=PU2
70 PLI=P1=Pu2
n * PLI=P1>Pu2=P2
72 * ‘L PLISP1>Pu2=P2

* Unstable cross-vent density configuration

12

SPrer1=0.-Ppar<SPrer2SPpar
6anF2=o.,-pDAT<6pREﬁ, SPpar
6pFIEF, 1=0.,-PpaT<6Pger :2SPpar
8PRer2=0.-PpaT<SPrer,1 SPpat
8PRer 1 =0--Ppar<SPrer2=Ppar
SPRrer2=0-1"PpaT<SPrer,1SPpat

8PRrer1=0--Ppar <SPRrer2SPpar
6pw2=0.,-pm.,<6pm1spm.,
8Pger 1=0-PpaT<SPRer2SPpat
5Pnsr,z=°-"PoAT<5PRer, 1SPpar
8Pper 1=0."PpaT<SPRer2SPpar
8PRer2=0-~Ppar<SPrer 1 SPpar

8Pper,1=0-PpaT<SPREF25Ppar
Prer2=0.+-Ppar<éPrer 1 SPoar
6Pns|=, 1 =0.,-pm.,<6pm'2$ Ppar
8Prer2=0--Ppar <SPrer 1 SPpar
6pREF, 1 =0.,-pm,.<6pmzs Ppar



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont'd)
py = 1.00kg/m® > p, = 0.50kg/m’ > p = 0.25kg/m*
y, =00m <y, =15m<y;= 3.0m <y, = 4.5m < yg = 6.0m
Ppar = 1:01325(10%Pa; A, = 1m?
CASES 55-108: SPACE 1 (TOP SPACE) IS OUTSIDE SPACE, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -
(CONT’D) FIGURE 1b of APPENDIX A
CASE SPACE SPACE
NO. 1 2
All Lower
One Layer
Layer
Yr=Ys Yr=Y4
YL=Ys YL =Y,
Ye=Y3 Yc=Y3
73 PLI=P2<PL2=P1
74 PL1 =p2<pu=p1
75 PLATP1=PL2
;: : PLITP17PL2=P2
PLI=PY>PL2=P
Two L1=P12PL2=P2
Layers
Ya=Y1
YL=Y2
Yc=Y3
79 PLITPI<PY2=P2<PL2=P1
80 PLI=P3I<Pu2=P2<PL2=P1
81 PL1I=P2=PY2<PL2™P1
82 PLI=P2=PU2<PL2=P1
83 * PLITP1>PY25P2<PL2=P1
84 * PLITP1>PY2=P2<PL2=P1
Upper
Layer
Ya=Y1
Yo=Y,
Yc=Ys
85 PL1ITP2<Py2=P1
86 PLASP2<Pu2=P1
87 PL.1 =p,=py 2
88 PLITP1=Pu,2
89 * PLAZP1PPU2P2
90 * 1 PLITP1>Pu2™P2

* Unstable cross-vent density configuration
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8Pper 1 =0--PpaT<SPRrer2=Ppar
8Pprer2=0.-PpaT<SPrer,1=Ppar
8Prer 1=0--Ppar<SPrer2=Ppar
8Prer2=0.-Ppar<Prer 15 Ppar
8PRer1=0--Ppar<éPrer25Ppar
8PRer2=0-1-PpaT<SPRer,1 SPpaT

8Pger1=0.-Ppar<Prer2SPpar
8Pgrer,1=0-Ppar<SPRrer2SPpar
8Prer2=0-Ppar<éPrer,1 SPpar
8PRer.2=0-PpaT<6PRer,1 SPpar

8Pper.1=0--Ppar<5Prer25Ppat
8Pper2=0--Ppar <8Prer,1 SPpat
Prer;1=0+-PpaT<6PReF25PpAT
8Prer2=0--PpaT<éPrer,1 SPpaT
8Pprer,1=0--PpaT<6Prer2=Ppar
8Prer2=0--PpaT<éPrer,15Ppar



TSIDE SPACE, SPACE 2 (BOTTOM SPACE) IS INSIDE ROOM -

8Pper2=0-~PpaT <6Prer15PpaT
8Prer 1 =0--Ppar<éPrer25Ppar
8Prer2=0-~PpaT<éPReF,15PpAT
8PRer 1=0--PpaT<éPRer2=PoaT
Pper2=0.Ppar<SPrer1=Poar

8Prer1=0--Ppar<éPrer25Poar
8Prer2=0--Poar<éPRer1=PpaT
6PREF,1 =°- ’-pDAT<6pREF,2$ pDAT
8Pper2=0--Ppar<SPRer15PpaT
SPRer1 =0.,-pm7<6pmzs Ppat
8Prer2=0-Ppar<éPrer,1SPpaT

8Ppgr 1=0--Ppar <SPRer 25 PpaT
8Prer2=0+-Poar<éPner,1 <Ppar
6p,,,EF'1 =0..-pm.,<6pmzspm7
8Pper2=0--Ppar<SPREF,1SPpAT
8Pger1=0--Ppar<SPrer25PpaT

TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont’d)
py = 1.00kg/m* > p, = 0.50kg/m® > p, = 0.25kg/m’
y; =00m <y, = 15m <y, =3.0m <y, = 4.5m < yg = 6.0m
Poar = 1:01325(10°)Pa; A, = 1m?
CASES 55-108: SPACE 1 (T OP SPACE) IS OU
(CONT'D) FIGURE 1b of APPENDIX A
CASE SPACE SPACE
NO. . 2
All Lower
One Layer
Layer
Yr=Y2 Yr=Y4
Y L=Y2 Y L=Y3
Ye=Y2 Yc=Ys
91 pU=P2<PL2=P1
82 Pu1=P2<PL2=P1
93 PUITP1=PL2
94 Pua=P1=PL2
95 * PUATP1ZPL2™P2
96 * PUAI=P1ZPL2=P2
Two
Layers
Ya=Y1
[ ]
Yc=VY)
97 PU1=PI<PY2=P2<PL2=P1
98 Py 1=P3I<PU2=P2 <pPL2=P1
29 PUI=P2=PU2<PL2=P1
100 PUI=P2=PU2<PL2™ 1
101 * PUI=P1>PU2=P2<PL2™P1
102 * PU,1 =p1 >pu '2=P2<P|_.2=P1
Upper
Layer
Ya=Y1
YL=Y4
Yc=Ys
103 Pu=P2<Pu2=P1
104 PYA=P2<Pu2"P1
105 PuI=P1=Pu2
106 PuITP1=Pu2
107 * PUI=P17Pu2=P2
108 * <

PUISP1ZPU2=P2

* Unstable cross-vent density configuration

14

Pger2=0+-Poar<éPner1=Ppar



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont'd)
py = 1.00kg/m® > p, = 0.50kg/m’ > p; = 0.25kg/m’
y; =00m <y, =15m<y; =30m<y, = 4.5m < y; = 6.0m
Poar = 1:01325(10%Pa; A, = 1m’
CASES 109-162: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) IS OUTSIDE
SPACE - FIGURE 1c of APPENDIX A
CASE SPACE SPACE
No. 1 2
Lower All
Layer One
Layer
Yr=Y> Yr=Ys
YL=Ys Yi=Ys
Ye=Ys Yc=Ya
109 PLI=P2<PL2™P1
110 PLITP2<PL2=P1
111 PLATP1=PL2
113 * pL'1 =p,q >pu=p2
114 * pL" =p4 >pL'2=p2
Yr=Ys
Y=Y,
Yc=Ys
115 PLIZPIS<PY2=P2<PL2=P1
116 PLI=P3<PU2=P2<PL2=P1
117 pL" =Spa=py ’2<pu=p1
118 pL.‘l =pPa=pPy ’2<pu=p1
119 * PLISP1PPU2=P2<PL2=P1
120 * PI.1 =0 >pu2=pz<pu=p1
Yr=Y2
Y =Y2
Yc=Y2
121 PLA=P2<PY2=P1
122 PLI=P2<Py2=P1
123 PL,1 =p1 =pu 2
124 pL1 =p1 =pu 2
125 PLI=P1>Pu2=P2
126 * !

PLITP1ZPy2=P2

* Unstable cross-vent density configuration

15

8Prer.1=0--Ppar<SPrer25Poar
8Prer2=0--Ppar<SPrer,15Ppar
nSme,,'1 =0.,-me<6anF25pDAT
8PRer2=0--Ppar<SPRrer,15Ppar
8PRer1=0-~Ppar<SPRrer25Poar
8Prer2=0.Ppar<SPrer1SPpar

8Pper 1=0--PpaT<SPRer2SPpar
8pper 1 =0--Ppar<SPrer2SPpar
8Pgrer2=0.Ppar<6Prer;15Ppar
8Pper 1 =0--PpaT<8Prer2SPoaT
8Pper2=0--Poar<éPrer,1=Poar

épm 1=0.,-pm.,<6pw'zspm1.
8Prer2=0--Ppar<SPrer,1 SPpar
8Pgrer1=0.Ppar<SPrer2SPpar
8PRer2=0-~Ppar<SPRer 15PpaT
8Prer1=0-~Ppar<éPrer2SPpar
6pm,2=0.,-pm.,<6pm 1SPpar



TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont’'d)
py = 1.00kg/m® > p, = 0.50kg/m® > p, = 0.25kg/m*
y, =00m<y,= 1.5m <y, =3.0m <y, = 4.5m < y; = 6.0m
Ppay = 1:01325(10%)Pa; A, = 1m®

CASES 108-162: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) IS OUTSIDE

(CONT’D) SPACE - FIGURE 1c of APPENDIX A
CASE SPACE SPACE
_NO. i 2
Two All
Layer One
Layer
Yr=Y3 Yr=Y4
Yi=Ye YL.=Ya
Yc=Ys Yc=Ysq
127 PLISP2<PL2=P1 8Pger1=0--Ppar <SPrer2SPpar
128 PLITP2<PL2=P1 8Prer2=0-Ppar<SPrer 15 Ppar
129 PLI=P1=PL2 8PRer1=0--Ppar<SPrer2SPpar
1w PLISP1=PL2 8Pper2=0.-Ppar <SPREF,1 SPpAT
131 . PLA=P1>PL2=P2 8Pgrer1=0--Ppar <SPRrer2SPpar
132 PLISP1ZPL2=P2 8Prer2=0--PpaT<SPReF,1SPoAT
Yr=Y3
YL=Ys
Yc=Y3
133 PLITP3<PU2=P2<PL2=P1 8Pper 1=0--Ppar<SPrer25Ppar
:g; PLITPISPU2=P2<PL2=P1 8Pper2=0--Ppar<SPRer15PpaT
1% PLATP2=PU2<PL2=P1 8Pger 1=0--Ppar<SPrer2SPpar
. PLITP25PU2<PL2™P1 8Paer2=0-Ppar<SPrer1=Ppar
138 . PLIZP1PY2=P2<PL2=P1 8Pper 1=0-Ppar <éPrer2=Ppar
PLITP1>PY2=P2<PL2=P1 8Prer2=0--Ppar<SPRer,15Ppar
Yr=Y2
YL=Y2
Yc=Y2
139 PLISP2<PU2=P1 8Prer1=0-~Ppar<SPrer2SPpar
140 PLI=P2<PU2=P1 SPRer2=0.Ppar<SPrer,1SPpat
141 PLI=P1=Pu2 8Prer1=0--Ppar<SPrer25Ppar
142 PLI=P1=PU2 8Prer2=0--Ppar <SPReF15Ppar
143 L PLITP1>PU2=P2 8PRrer1=0--Ppar<SPrer25Ppar
144 v PLI=P1ZPU2=P2 8Prer2=0-Ppar<SPrer15Ppar

* Unstable cross-vent density configuration
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TABLE 1: Configurations/Environments Used to Test the VENTCF2 Subroutine
(Cont’d)
pq = 1.00kg/m® > p, = 0.50kg/m* > p, = 0.25kg/m’
y, =00m <y, =15m<y, = 3.0m < y, = 4.5m < yg = 6.0m
Poar = 1.01325(10%Pa; A, = 1m?
CASES 109-162: SPACE 1 (TOP SPACE) IS INSIDE ROOM, SPACE 2 (BOTTOM SPACE) 1S OUTSIDE
(CONT'D) SPACE - FIGURE 1c of APPENDIX A
CASE SPACE SPACE
_NO. a1 2
Upper Al
Layer One
Layer
Yr=Y3 Yr=Yas
YL=Y3 Y=Y,
Yc=Ys Yc=Ya
145 PUI=P2<PL2=P1 &PRer1=0--Ppar<éPRrer2=Poar
146 PUI=P2<PL2=P 8pper2=0--PpaT <SPgrer,1 SPpar
147 PUI=P1=PL2 8PRer1=0-~Ppar<SPrer2SPpar
148 PUI=P1I=PL2 &Prer2=0.Ppar<SPrer 1 SPpar
149 * PUATP1>PL2=P2 8PRer1=0--PpaT<éPrer2SPpar
10 ¢ PUI=P1>PL2=P2 &Prer2=0-Ppar<SPrer1SPpar
Ya=Ys
YL=Y;
Yc=Y3
151 Pu=P3<PU2=P2<PL2=P 8Pper.1=0--Ppar<éPrer2=Poar
152 PUATPI<PU2=P2<PL2™P1 8Pper2=0-~Ppar<6Prer1 SPoar
153 Pua=P2=PY2<PL2=P1 8Pper,1=0-Ppar<6Prer25Poat
154 PYA=P2=PY2<PL2™P1 8PRer2=0--Ppar<6Prer1SPpat
155 * PUA=P1>PU2=P2<PL2=P1 8Pper,1=0--PpaT<SPRer2SPpar
16 * PUA=P1>Pu2=P2<PL2=P 8Pper2=0.-Poar<6Prer1=Ppat
Ya=Y2
Y=Yz
Yc=Y2
157 PUA=P2<PU2=P1 6Pper1=0.-PpaT <SPrer25Ppar
158 PUI=P2<PU2=P1 8PRer2=0-"PpaT<éPRrer,15Ppar
159 PUI=P1=Pu2 6Prer.1=0.PpaT<SPRer2SPpar
160 PUI=P1=Pu2 8PRer2=0--Ppar<éPger;1SPpar
61 ¢ PUI=P1>PU2=P2 8Prer.1=0.-PpaT<SPrer2SPoar
162 * ! PUI=P17PU2=P2 8Prer2=0--Ppar<SPrer,1 SPpaT

* Unstable cross-vent density configuration

17
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Figure 1. Plots of the calculated mass flow rate to upper space 1, Myent1s @nd to lower space

2, Mvsm,z» as functions of the computed (coarse-scale) cross-vent pressure
difference, Ap, for Cases 28, 29, and 30 (see Table 1).
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Figure 2. Plots of the calculated mass flow rate to upper space 1, Mgy, and to lower space

2, Mygy1 88 functions of the computed (fine-scale) cross-vent pressure difference,
Ap, for éases 28, 29, and 30 (see Table 1).
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APPENDIX A (pages VENTCF2-1 to VENTCF2-22)

VENTCF2 - CALCULATION OF THE FLOW THROUGH A HORIZONTAL CEILING/FLOOR VENT

CONNECTING TWO SPACES

APPENDIX B (pages VENTCF2A-1 to VENTCF2A-25)

VENTCF2A - CALCULATION OF THE FLOW THROUGH A HORIZONTAL CEILING/FLOOR VENT
CONNECTING TWO SPACES WITH "SMOOTHING" OF LAYER EXTRACTION RATES
AT TIMES OF RELATIVELY THIN ADJACENT-VENT LAYERS
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VENTCF2 - CALCULATION OF THE FLOW THROUGH A HORIZONTAL CEILING/FLOOR VENT
CONNECTING TWO SPACES

DESCRIPTION

Consider an instant of time during the simulation of a multi-room compartment fire environment. This
algorithm calculates the flow of mass, enthalpy, oxygen, and other products of combustion through a
horizontal vent located in a ceiling/floor partition common 1o any two inside rooms of the facility or
between an inside room and the outside environment local to the vent. VENTCF2, is an advanced version
of the algorithm/subroutine VENTCF [1] in that it includes an improved theoretical [2, 3] and experimental
basis.

Depicted in Figure 1a is the vent and the two spaces when they are both inside rooms of a multi-room
facility. Figures 1b and 1c depict the situation when the two spaces involve one inside room of the facility
and one outside space, either above or below the room, in which is simulated the outside environment
local to the vent.

As in Figure 1, designate the top space as space 1 and the bottom space as space 2. lt is assumed that
the temperature, density, concentration of oxygen and of other products of combustion of interest in the
upper and lower layer of each inside room and in the environment local to the vent of an outside space
are specified. Also specified in each inside room are: the elevation above the datum elevation of the floor,
and the upper-layer/lower-layer interface; and the pressure at the floor above the specified datum
pressure. Specified in an outside space are: a reference elevation above the datum elevation, and the
pressure at this reference elevation above the specified datum pressure.

When the upper gas is less dense than the lower gas, i.e., the fluid configuration is stable, the flow
through the vent is determined by a traditional orifice-type flow model. Then, flow is determined by the
cross-vent pressure difference without any regard for buoyancy effects (see, e.g., [4] and [S]) and the
present algorithm/subroutine is identical to that of VENTCF [1]. When the configuration is unstable and
the upper gas is more dense than the lower gas, the effects of combined pressure and buoyancy forces
can be significant. For example if the cross-vent pressure is relatively small, the unstable density
configuration leads to an exchange-type of flow, with gas in the lower space rising into the upper space
and gas from the upper space dropping into the lower space, where the flow rate from the high- to the
low-pressure side of the vent is the larger of the two. Also, even when the cross-vent pressure difference
large enough to produce uni-directional flow, the effect of buoyancy can be great enough to reduce
significantly the flow rate from what it would be in the absence of a cross-vent density difference. Inthe
present algorithm, for the case of unstable configurations the calculation of the flow between the two
spaces is based on the theory and analysis of [3] and [2], respectively.

For unstable density configurations, the model of [2] and, therefore, the VENTCF2 algorithm/subroutine
itself is for flow through a circular, shaliow (i.e., small ratio of depth to diameter), horizontal vent. It is also
expected that the model will give reasonable estimates of flow even for non-circular vents, provided the
aspect ratio (maximum-to-minimum span) of a vent shape of interest is not t0o much different than 1.
indeed, one of the example calculations of [2], which includes comparisons with some relevant
experimental data, provides limited support for the applicability of the model in the case of square vents.
However, USE OF VENTCF2 IN HIGH-ASPECT-RATIO AND/OR MODERATE-TO-LARGE-DEPTH VENT
SCENARIOS IS NOT VALID when cross-vent pressure differences are small-to-moderate compared to
Apg00p Results beyond those developed in [2] are required before the present work can be used for
the latter types of vent shape.

VENTCF2 - 1



The geometry and the conditions local to the vent which determine the characteristics of the vent flow are
depicted in Figure 2. These include: the densities, p, and p,, and the hydrostatic pressures, p, and p,,
at the elevation, but away from the immediate vicinity of the vent in the upper and lower spaces,
respectively, and the area, A,, and shape of the vent. Regarding the shape, at the present time results
for horizontal vent flows are only available for circular or square vents. Other properties local to the vent
and indicated in Figure 2 are T, and T, the absolute temperatures, Co; 4 and C, ,, the concentrations of
oxygen, and C, , and ¢y ,, K = 210 Npgop, the concentrations of a product of combustion K.

To simulate fire scenarios at times when vent flows are driven by arbitrarily high cross-vent pressure
differences (i.e., when compressibility effects begin to be significant), whether for stable or unstable cross-
vent density configurations, VENTCF2 implements the ideas introduced in reference [5] and implemented
previously in the algorithm/subroutines VENTHP [6] and VENTCF [1]. Such high cross-vent pressure
differences could occur, for example, in fire scenarios involving flows through cracks in otherwise
hermetically-sealed fire compartments.

The VENTCF2 subroutine has been subjected to extensive parametric testing in a *stand-alone* mode [7].

OUTPUT

Coz,1 [Coz2]
Concentration of oxygen in the top [bottom] space at the elevation of the vent. [(kg of oxygen)/(kg
of layer)]

Cxy [Ck2]
Concentration of product K in the top [bottom] space at the elevation of the vent. [(unit of product
K)/(kg of layer)]

Cventoen | = 10r2

Concentration of oxygen in the component of the vent flow entering space |, provided such vent
flow component is non-zero, i.e., provided Myent,- iS non-zero. [(kg of oxygen)/(kg of vent flow)]

Cyentis | = 1 0r 2 K= 2to NPROD

Concentration of product of combustion K in the component of the vent flow entering space |,
provided such vent flow component is nonzero, i.e., provided MVENT', is non-zero. [(unit of
product)/(kg of vent fiow)]

It space | is an inside room: Rate at which mass is added to the upper [lower] layer of room |
due to the vent flow component which enters the other space. Note that this will aiways be
negative, since the layer which supplies the material flowing to the other space will always have
mass extracted from it. [W]

If space | is an *outside room*: M, is the rate at which mass is added to space | due to the vent
fiow component which enters the other space (i.e., the inside room). Note that this will always
be_negative, since an outside space which supplies material flowing through the vent to an
adjacent space will always have mass extracted from it. M, , is identical to M. [W]
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Mygnr | = 1102
Mass flow rate of the vent flow component entering space |. [ka/s]

Poors [Pogud s1=10r2
If space | is an inside room: Rate at which oxygen is added to the upper [lower] layer of room
| due to the vent flow component which enters the other space. Note that this will always be
negative, since the layer which supplies the material flowing through the vent to the other space
will always have its convected oxygen extracted from it. [(kg of O,)/s]
If space | is an *outside room*: Poau, is the rate at which oxygen is added to space | due to the
vent flow component which enters the other space (i.e., the inside room). Note that this wil
always be negative, since an outside space which supplies material flowing through the vent to
an adjacent space will always have its convected oxygen extracted from it. P, , is identical to
Pozur [(kg of O,)/s]

Pozvents | = 1102

Mass flow rate of oxygen of the vent flow component entering space l. [(kg of oxygen)/s]

pKLl [PK,UJ]; K=2to NPROD; I=1o0r2

If space | is an inside room: Rate at which product of combustion K is added to the upper [lower]
layer of room | due to the vent flow component which enters the other space. Note that this will
always be negative since the layer which supplies the material flowing through the vent to the
other space will always have its convected product of combustion K extracted from it. [(unit of
product K)/s]

If space | is an "outside room": Pyu, is the rate at which product of combustion K is added to
space | due to the vent flow component which enters the other space (i.e., the inside room). Note
that this will always be negative, since an outside space which supplies material flowing through
the vent to an adjacent space will always have the convected product of combustion K extracted
from it. P, , is identical to Py, [(unit of product K)/s]

Pyventy | = 1102, K =210 Npgop

P, [Pl

Flow rate of product of combustion K in the vent flow component entering space l. [(unit of
product K)/s]

Absolutez) hydrostatic pressure in the top [bottom] space at the elevation of the vent. [Pa =
kg/(m-s9)]

Qy [Q I=10r2

If space | is an inside room: Rate at which enthaipy added to the upper [lower] layer of room |
due to the vent flow component which enters the other space. Note that this will always be
negative, since the layer which supplies the material which flows to the other space will always
have its convected enthalpy extracted from it. The enthalpy is based on the absolute temperature
of the flow, Tygyy- W]
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If space | is an “outside room*: Qu,| is the rate at which enthalpy is added to space | due to the
vent flow component which enters the other space (ie., the inside room). Note that this will
always be negative, since an outside space which supplies material which flows through the vent
to an adjacent space will always have its convected enthalpy extracted from it. The enthalpy is
based on the absolute temperature of the flow, T, . Q is identical to Q) W]

Quen 1 = 1102

Total enthalpy flow rate in the vent flow component entering space |. This is based on the
absolute temperature of the flow, Tyeny)- [W]

T, [T
Absolute temperature in the top [bottom] space at the elevation of the vent. [K]
Tvenri 1= 1102

Absolute temperature of the vent flow component entering space |, provided such vent flow
component is non-zero. (K]

Ap

p, - Py, i.e., difference between the pressure in the bottom space at the elevation of the vent, and
the pressure in the top space at the elevation of the vent. [Pa = kg/(m- s3]

pq [p2l
Density in the top [bottom] space at the elevation of the vent. [kg/m,]
pventy | = 110 2
Density of the vent flow component entering space I, provided such vent flow component is

nonzero. [kg/m°®]

INPUT

A,
Area of the vent [m?].

Coxy [Cuxli K =210 Npgops | = 1 0r 2
If space | is an inside room: Concentration of product of combustion K in lower [upper] layer of
room | if the volume of the lower [upper] layer is non-zero (if the lower [upper] layer volume is
zero then the ¢, i, [cy ] value is not used in the calculation). [(unit of product K)/(kg of layer)]
If space | is an *outside room": C , is the uniform concentration throughout the space of product

of combustion K; ¢, is specified as being identical to ¢,y . [(unit of product K)/(kg of local
atmosphere)]

VENTCF2 - 4



CLozi [Cu'ogJ]; I=1o0r2

NPROD

Poar

If space | is an inside room: Concentration of oxygen in lower [upper] layer of room I if the
volume of the lower [upper] layer is non-zero (if the lower [upper] layer volume is zero then the
CL oz [Cuc2l value is not used in the calculation). [(kg of oxygen)/(kg of layer)]

If space | is an “outside room". C o is the uniform concentration throughout the space of
oxygen; Cy op, IS specified as being identical to € o, - [(kg of oxygen)/(kg of local atmosphere)]

Specific heat at constant pressure of the vent flow. [W-s/(kg - K)] (suggest 10° W- s/(kg - K) for air
as default)

Maximum allowed number of products of combustion.

Number of products of combustion, including oxygen, being tracked in the simulation.

Datum absolute pressure. [Pa = kg/(m-s?)]

Tu [TU',]; l=10r2

If space | is an inside room: Absolute temperature of the lower [upper] layer in room | if the
volume of the lower [upper] layer is non-zero (if the lower [upper] layer volume is zero then the
T., [Ty,] value is not used in the calculation). [K]

If space | is an *outside room*: T, is the uniform absolute temperature there, taken to be the
temperature at the reference elevation, yaegi: Ty, is specified as being identical to T, . [K]

Yeewt Yrerd

YiAvER )

If space | is an inside room: Elevation of the ceiling [floor] of room | above the datum elevation.
[m]

If space | is an *outside room®: ycg , and Yger, are both identical and equal to the reference
elevation of space | above the datum elevation, i.e., the specification must satisty Yeg | = Yaerr
The latter identity, which will never be satisfied for an inside room, is a characteristic of the input
data used to distinguish an inside room from an "outside room.* [m]

l=10r2

If space | is an inside room: Elevation of the upper/lower layer interface in room | above the
datum elevation. [m]

If space | is an "outside room": y, ,yep, IS specified as being identical to ypeg\. (M)
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YvenT

Elevation of the vent above the datum elevation. Note that yy; must be identical to either ycg |
or Yger, for each of the one or two inside rooms involved in the calculation. [m]

Spgegep 1 =10r2

Pressure at the reference elevation, ygee, in space | above the datum absolute pressure, ppur-
If space | is an inside room, then 8pggg, and ygeg, Must correspond to the pressure and elevation,
respectively, within the room and at the floor. [Pa = kg/(m-s9)]

Error tolerance for 8pgery If Perron. 1S defined as the uncertainty in 8pgeg, | = 1 or 2, then
Perron, Satisfies

| Perrorsl < €pPo + |6Pper, | €o

where p, = 1.0Pa. The first term is based on an absolute error tolerance and dominates the
above error bound when |8pggs| is less than 1.0Pa. The second term is a relative error
tolerance and dominates when [6pREE,| is greater than 1.0Pa. &, should be chosen to be
consistent with the tolerance specified for the computation of &pggg, terms in the overall
compartment fire model computer code which uses this algorithm.

pulpgil=1o0r 2

If space | is an inside room: Density of the lower [upper] layer in room | if the volume of the lower
[upper] layer is non-zero (if the lower [upper] layer volume is zero then the p | [py ] value is not
used in the calculation). [kg/m’]

f spacelis agl *outside room": p, , is the uniform density there; p,,, is specified as being identical
to p . [kg/m’]

CALCULATION
1. Calculate p, for | = 1 and 2 , and then Ap (the p, calculation follows the DELP algo-
rithm/subroutine of reference [8]):
P = 8Ppery + SP1 + Poar (1)
Bp = P,- Py = (5Pperz - 5Pperr) + (6P2 - 5P,) 14

where

if Yagr: = Yvent < Yiaven) them: 8p; = - PLIOOVeENT - Yrer) -
else: 8p, = - p| G avers - Yrerd - PuOWven - Yiavery

and where g, the acceleration of gravity, is 9.8 m/s’.
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2.

Calculate p,, T), Copp and the ¢y, K =210 Npgops fOr | = 1 and 2, and then Dp:
if {{vent = Yaer) @Nd Viaver) = Yaerd] OF [(Yvent = Yee) @nd (Yoavent < Yeei ]} then:
pi = pup Ti = Tur Coz1 = Cuozr and ¢y, = Cyk) @

else: p, = pLp T = Tu- Coz1 = CLo2p and Cy, = C

Bp = py-p2 &)
Define Vgryay @S the volume rate of flow through the vent, from the high- to the low-pressure
space, that is predicted with a sstandard," uni-directional-flow-type calculation (i.e., without regard
to the effect of buoyancy, in general, or the stability of the cross-vent density configuration, in
particular), where arbitrarily high cross-vent pressures are allowed. Here, the calculation follows
the model of [5] as implemented in the VENTHP algorithm/subroutine of [6]. Calculate VstHioH:
If Ap = O then: Vgpyen = O: Skip to (the next) item 4 of the CALCULATION (6)

if Ap > 0 or Ap < 0 then:

a. Define and compute pg & and X
If Ap > 0O, i.e., "standard® flow from (lower) space 2 to (upper) space 1, then:

PHIGH = P> €= Ap/p, @

if Ap < 0, i.e., "standard" flow from (upper) space 1 to (lower) space 2, then:

PuicH = P € = - Bp/P, t:)
xX=1-¢ 9
b. Compute C(x), the vent flow coefficient, and w(x):

C(x) = 0.85 - 0.25x = 0.60 + 0.25¢ (10)
1-[3/(ay)e 0 <e=<10°

w(x) = (11)
f)/[2€)"? 1 2 € > 10°

where

{[2v/fy - DR -5 YR e < 1- [y + NPT

fx) = . (12)
{rl2ly + MY VPR e = - 2 + P

and where +, the ratio of specific heats of the vent flow gas, is taken to be that of air,
1.40. Note that for the present horizontal vent application, the C(x) of Eq. (1 0) is taken
to be consistent with the standard incompressible limit for flow through circular sharp-
edged orifices in the sense that C —~060asée -0 [9]
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c. Define and compute ApS(%:

ApL/2 = [£,MAX(1.0Pa, |8Pgexs |, 18Prerz )™ (13)
d. Define and compute Fyose, @ Numerical damping factor, and then VeTHigH:

Frnose = 10- exp(-| Ap| /AP (14)

Vsthian = FNOlSEC(X)W(x)(ﬁPmGH)mAv|AP|1,2 (15)

The term Fyoee Of EG. (14) is designed to damp out the numerical noise (error) in the
calculated value for Ap that would otherwise be dominant in Eq. (15) when Ap is small
relative to the maximum of 1.0 pascal and the calculated reference pressures, 8Pgge s
8Pper2 THe term Apcyy of Eq. (13) is an estimate of how small the maximum of |Ap|
must be to retain a few digits of accuracy in the calculation of Ap. When the calculated
value of |Ap| is smaller than pgyy, this value and, therefore, the value of Vgyyay in EG.
(15) will likely contain noise which should be damped. Fygse is constructed to tend
towards 1 when |Ap| is large relative to Apgyr and tends towards 0 when |Ap]| is small
relative to Apcyr-

When the cross-vent density configuration is unstable (Ap > 0), mixed pressure- and buoyancy-
driven aspects of the flow have to be considered and the vent flow rates are calculated according
to [2]. Define Vg uaw Va.ow S the reference-[2], buoyancy-affected, volume flow rates across
the vent from the high-to-low and low-to-high pressure spaces, respectively.

Dp < 0: Vguen = Varow =0 Skipto (the next) item 5 of the CALCULATION (17)
a. Calculate T, 7, p(T) in m?/s from [10}, and € > 0.
T=( +T)2 p=(p + p)i2
u(T) = p[0.04128(1 o\ T?(T + 1104)]; € = DBplp >0 (9
b. Calculate D and Gr; if p, > Py, i, Op > 0, then replace € by - € < 0:
D = @A) Gr= 2gD%|e|/[u(M/p)% Ap > Othene = -€ (19)
c. Calculate conditions at the limit of uni-directional flow (i.e., the flooding condition) and the
relative pressure, 6p*:
VigH FLOOD = 0.1754A,(2gD | £|)"?exp(0.5536¢);
AP oop = 0.2427(4gbpD)(1 + £/2)exp(1.1072¢); (20)
8p* = |Ap|/APrLo0p
d. Calculate 0,, 0, and then Vg, ow Ve nieH*
0, = FroseCIW(X)/0.1780; 0p = 1.045 (21)
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If 5p* = 1, expect uni-directional flow:

Vaiow = Y
Veieh = VhigrFioooll - 02° + [0, + 0,%(6p* - 1)] 7}
if 5p* < 1, expect mixed flow:
Vixwax = 0-055(4/m)A,(gD le])'2
(23)
m, = - 0.7070; M = (0,/0;) - 1
Vgrow = Vexwad(! + my2)(1 - 6p%)° - (2 + my/2)(1 - 8p*))°
(24)

VB,HIGH = VB.LOW + {M- 1+ (M2 -9 - ‘Sp*)]1I2}VH|GH.FLoool M-1)

(Note: o, of Eq. (21) is somewhat different than o, in [2]. The modification here is
provide for an analytic representation of vent flow which is continuous and uniformly valid
even as 5p’ is increased to a level where compressibility effects become important. The
result of [2] does not include the effect of compressibility.)

Following [2], when Ap > 0 the above will be taken as the flow solution provided Gr = 2(10%).

For smaller Gr, the reference-[2] solution beg7|ns to loose its validity, and there is no existing

model for the flows the range 0 < Gr <_2(10°). However, it is clear that the above-calculated
*standard* flow must be approached as Gr — 0.

Consistent with the above comments, when Grisintherange 0 < Gr < 2(1 07), the vent flow will
be estimated by:

flow = ("standard" flow) + [(reference-[2] flow) - (*standard* flow)}Gr/[2(1 0')]

a Define Vg and V, o as the volume fiow rates across the vent from the high-to-low and
low-to-high pressure spaces, respectively.

it Ap < 0: Viyan = Vsrionw Viow =0 (25)
if Ap > 0 and 0 < Gr < 2(107):

vHIGH = vST.HIGH + (VB.HIGH - VST.HIGH)ér/ [2(1 07)]

(26)
Viow = VerowGr[2(107)]
If Ap > 0 and Gr = 2(10"): Vyyen = Vauani Viow = Variow @7
b. Define and calculate Vygyy, | = 1 and 2, as the vent volume flow rate entering space |.
I Bp = 0: Vyery = Viar Vventz = Viow (8)

(i.e., flow to the upper space is the flow from the high- to the low-pressure space, and
flow to the lower space is the flow from the low- to the high-pressure space)
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If Ap < 0: Vyenr: = Viows Vientz = Vhien (29)

(i.e., flow to the upper space is the flow from the low- to the high-pressure space, and
flow to the lower space is the flow from the high- to the low-pressure space)

Calculate the vent flow properties pyents Tventr Cventozr CVENTKE K =210 Nppopy | = 1 @nd 2:
pvents = P2(P1P)), pvent2 = P1(P2IP1) Tventa = T Tventz = Toi (30)

Cventoz1 = Cozz CvenTo22 = Cozv Cventkt = Cyzr Cventkz = Sk K =210 Nerop

Calculate the vent flow rates Mygyp, | = 1and 2:
Myenms = PvENTIVVENTI (31)
Calculate the vent flow rates Quexri Pozventr Prventy K =210 Npgop | = 1 and 2:

Quent) = Myent,Cp Tvent Poaventi = MyvenT CvenT 02,1 @2

Peventt = Myent Oventxe K = 210 Nerop
Calculate rates at which flows are added to layers of each space as a result of the vent flow

extracted from it. First consider space 1 (1= 1,J = 2)andthenspace2(l=2,J = 1). For either
case:

i {{&/vent = Yrer) @0 Viaver) = Yaeed] OF [(Yvent = Yo @nd iaver) < Yee D1} (e
the vent flow to room J is extracted from the upper layer of room | and, if space | is an

inside room, the lower layer of room | is unchanged) then:

Mu,u = - Myentor M, =0 Qy =- Quenty Q,=0;

(33)
Pozus = - Poavents Pozrr = G Peus = - Prvente Pt = 0
f Yper) = Yoei (€. Space lis an outside space) modify the results of Egs. (33)
as follows:
M, = Myy Q= Qys Poos = Poo.us PeLi = Pxus (34)

If the condition above Egs. (33) is not satisfied (i.e., the vent flow to room J is extracted
from the lower layer of room | and, if space lis an inside room, the upper layer of room
| is unchanged) then:

M, =- Myents My, = O; Q. = - Quentr Qy, =0
(35)
Pozrt = - Pozvents Poaus = 0 Pkt = - Prvents Peui=0

if Yaer) = Yeew (i€, space | is an outside space) modify the results of Egs. (35)
as follows:

My, = Mys Quy=Quy Popus = Pozrr Prus = Prui (36)
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SUBROUTINE VARIABLES

All nomenclature in the subroutine is identical to the nomenclature used above except for:

A, - AVENT [m?]
(o] - COEF
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Cp

Crkr Cuxi
CLo2,r Cu02l
CVeNTK!

Cvent02.!

Nprop

PxLr Pru.
PK.VENT.I
PoaLr Poz.us
Poaven
Poar

P

Q, Qu,

°VENT.I

CP [W-s/(kg-K)]

CONL(K,), CONU(K,)), | = 1 or 2 [(unit of product K)/(kg
of layer)]

CONL(1,l), CONU(1,D), | = 1 or 2 [(kg of oxygen)/(kg of
layer)]

CVENT(K,D), I= 1 or 2 [(unit of product K)/(kg of vent
flow)

CVENT(1,)), | = 1 or 2 (kg of oxygen)/(kg of vent flow)]
C(K)), I= 1 or 2 [(unit of product K)/(kg of vent filow)
c(@1,), 1 = 1or2[(kg of oxygen)/(kg of vent flow)]
FNOISE [dimensionless]

FF [dimensionless]

GR [dimensionless]

9.8 m/s?

XM [dimensionless]

XML(D), XMU(), | = 1 or 2 [kg/s]

XMVENT(), | = 1 or 2 [kg/s]

XM3 [dimensioniess]

NPMAX [dimensionless]

NPROD [dimensionless]

PL(KJ), PUK.)), | = 1 or 2 [(unit of product K)/s]
PVENT(K,)), | = 1 or 2 [(unit of product K)/s]
PL(1,), PU(1,D), | = 1 or 2 [(kg of oxygen)/s]
PVENT(1,]), | = 1 or 2 [(kg of oxygen)/s]
PDATUM [Pa = kg/(m-s)]

P(), | = 1 or 2 [Pa = kg/(m-s?)]

QL(), Qu(), | = 1 or 2 [W]

QVENT()), | = 1 or 2 [W]
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-T-

T|

TL.I’ TU,l
Tventt
VB.HIGH
VB.LOW
VEX,MAX
VH|GH‘ VLOW
leGH.FLOOD
VST.HlGH

VVENT.I

w

X

Yeenw
YLAYER!
YREr!
Yvent
Y
Ap

1/2

Apcyr

APeo00

ép.

SPger,

TBAR [K]

T@), 1 = 1 0r 2 [K]

TL(), TUQ), | = 1 or 2 [K]

TVENT()), | = 1 or 2 [K]

VBHIGH = VB(1) if Ap = 0, = VB(2) if Ap < 0 [m%/s]
VBLOW = VB(2) if Ap = 0, = VB(1) if Ap < 0 [m¥/s]
VEXMAX [m®/s]

VHIGH, VLOW [m®/s]

VHIGHFL [m%/s]

V = VST(1) if Ap > 0, = VST(2) if Ap < 0 [m¥s]
VVENT(), | = 1 or 2 [m?/s]

W [dimensionless]

X [dimensionless]

YCEIL(), | = 1 or 2 [m]

YLAY(), | = 1 or 2 [m]

YREF()), | = 1 or 2 [m]

YVENT [m]

1.40

DELP [Pa = kg/(m-s?)]

DPC1D2 [Pa = kg/(m-s?)]

DELPFD [Pa = kg/(m-$s?)]

DELDEN [kg/m®]

DPDDPFL [Pa = kg/(m-s?)]

DP(), | = 1 or 2 [Pa = kg/(m-5?)]

DPREF()), | = 1 or 2 [Pa = kg/(m-s?)]

EPS [dimensionless]
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€ - EPSP [dimensionless]

o - XMEW [m?/s}

PHiGH - DENHIGH [kg/m"®]

? - DENBAR [kg/m®)

P - DEN()), | = 1 or 2 [kg/m°]

Ly PuL - DENL(), DENU(), | = 1 or 2 [kg/m’]
PVENTI - DENVNT(), | = 1 or 2 [kg/m’]

o, - SIGMA1 [dimensionless]

o, - SIGMA2 [dimensionless]

PREPARED BY

Leonard Y. Cooper
December 1993
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F=-= =0 - - =1

" (OUTSIDE)
SPACE

Figure 1. The possible configurations of the two spaces joined by a horizontal ceiling/floor vent
with space 1 above space 2: a) two inside rooms; b) an outside space above an

inside room; ¢) an inside room over an outside space.
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Figure 2. The geometry and conditions local to a horizontal ceiling/floor vent which determine
the characteristics of the vent flow.
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SUBROUTINE VENTCF2

SUBROUTINE VENTCF2(
i AVENT,CONL,CONU,CP,NPMAX,NPROD,PDATUM,TL,TU,
| YCEIL,YREF.YLAY,YVENT,DPREF,EPSP,DENL,DENU,
(o] C,CVENT,XML.XMU,XMVENT,PL,PU,PVENT.P,QL.QU,OVENT,T,TVENT,

[o] DELPDEN,DENVNT)
INCLUDE PRECIS.INC
C*BEG

C*** VENTCF - CALCULATION OF THE FLOW OF MASS, ENTHALPY, OXYGEN AND

ROOM | OR UNIFORM CONCENTRATION OF PRODUCT K IN AN
OUTSIDE SPACE | [(UNIT OF PRODUCT)/(KG LAYER)]
CONL(K,) - CONCENTRATION OF PRODUCT K IN UPPER LAYER OF AN INSIDE

[+ OTHER PRODUCTS OF COMBUSTION THROUGH A HORIZONTAL
C VENT JOINING AN UPPER SPACE 1 TO A LOWER SPACE 2. THE
C SUBROUTINE USES INPUT DATA DESCRIBING THE TWO-LAYER
[+ ENVIRONMENT OF INSIDE ROOMS AND THE UNIFORM

c ENVIRONMENT IN OUTSIDE SPACES.

[+

Cc*** SUBROUTINE ARGUMENTS

C

C INPUT

C —

C AVENT - AREA OF THE VENT [M**2]

C CONL(K)) . CONCENTRATION OF PRODUCT K IN LOWER LAYER OF AN INSIDE
[+

C

C

ROOM | OR UNIFORM CONCENTRATION OF PRODUCT K IN AN
OUTSIDE SPACE | [(UNIT OF PRODUCT)/(KG LAYER)]

INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE | =
1 (0 = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
SPACE = 2 (| = 1) [KG/S]

XMU®) . RATE AT WHICH MASS IS ADDED TO THE UPPER LAYER OF AN
INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE | = 1
( = 2) DUE TO THE VENT FLOW COMPONENT ENTERING SPACE

C

c

c cp - SPECIFIC HEAT [W*S/(KG*K)]

C NPMAX . MAXIMUM ALLOWED NUMBER OF PRODUCTS

C NPROD - NUMBER OF PRODUCTS IN CURRENT SCENARIO

C PDATUM . DATUM ABSOLUTE PRESSURE [PA = KG/(M*S**2)]

c O . TEMPERATURE OF LOWER LAYER OF AN INSIDE ROOM | OR

c TEMPERATURE OF AN OUTSIDE SPACE | [K]

c TV . TEMPERATURE OF UPPER LAYER OF AN INSIDE ROOM ! OR

c TEMPERATURE OF AN OUTSIDE SPACE | [K]

C YCEL® - HEIGHT OF CEILING ABOVE DATUM ELEVATION FOR AN INSIDE
c - ROOM | OR YREF()) FOR AN OUTSIDE SPACE | [M]

C YREF() . HEIGHT OF REFERENCE ELEVATION FOR SPACE | ABOVE DATUM
c ELEVATION [M]

C YLAY() - HEIGHT OF LAYER ABOVE DATUM ELEVATION FOR AN INSIDE
c ROOM | OR YREF(l) FOR AN OUTSIDE SPACE i [M]

C YVENT - HEIGHT OF VENT ABOVE DATUM ELEVATION [M]

C DPREF() - PRESSURE IN SPACE | AT ITS REFERENCE ELEVATION ABOVE
c DATUM ABSOLUTE PRESSURE [PA = KG/(M*S**2)]

C EPSP . ERROR TOLERANCE FOR DPREF [DIMENSIONLESS)

C DENL() - DENSITY OF LOWER LAYER OF AN INSIDE ROOM | OR DENSITY
c OF AN OUTSIDE SPACE | [KG/M**3]

C DENU() . DENSITY OF UPPER LAYER OF AN INSIDE ROOM | OR DENSITY
c OF AN OUTSIDE SPACE | [KG/M**3]

c

Cc OUTRUT

[«

c oK) - CONCENTRATION OF EACH PRODUCT IMMEDIATELY ABOVE (IN
c SPACE | = 1) AND BELOW (IN SPACE | = 2) THE VENT

c [(UNIT OF PRODUCT)/(KG LAYER)]

C CVENT() . CONCENTRATION OF EACH PRODUCT IN THE VENT FLOW

c COMPONENT ENTERING SPACE | [(UNIT OF PRODUCT)/(KG OF
c VENT FLOW)]

C XML . RATE AT WHICH MASS IS ADDED TO THE LOWER LAYER OF AN
c

c

c

c

c

c

c =20 = 1) [KO/S]

C XMVENT() - MASS FLOW RATE IN THE VENT FLOW COMPONENT ENTERING
c SPACE | [KO/S]

¢ PLK) . RATE AT WHICH PRODUCT K 18 ADDED TO THE LOWER LAYER OF
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c AN INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE |
c = 1 (| = 2) DUE TO THE VENT FLOW CONPONENT ENTERING
c SPACE | = 2 (I = 1) [(UNIT OF PRODUCT)/S]
C PUK,) - RATE AT WHICH PRODUCT K IS ADDED TO THE UPPER LAYER OF
] AN INSIDE ROOM | = 1 (1 = 2) OR TO AN OUTSIDE SPACE |
c = 1 (| = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
c SPACE | = 2 (I = 1) [(UNIT OF PRODUCT)/S]
C PVENT(K,) - FLOW RATE OF PRODUCT K IN THE VENT FLOW COMPONENT
C ENTERING SPACE | [(UNIT OF PRODUCT)/S]
c P() - ABSOLUTE PRESSURE IMMEDIATELY ABOVE (IN SPACE | = 1)
[+ AND BELOW (IN SPACE | = 2) THE VENT [PA = KG/(M*S**2)]
c QL - RATE AT WHICH ENTHALPY IS ADDED TO THE LOWER
[+ LAYEROFANINSIDEHOOMI-1(I-Z)ORTOANOU'I’SIDE
] SPACE | = 1 (I = 2) DUE TO THE VENT FLOW COMPONENT
[+] ENTERING SPACE | = 2 (I = 1) (W]
C Qu() - RATE AT WHICH ENTHALPY IS ADDED TO THE UPPER LAYER OF
] AN INSIDE ROOM 1 = 1 (1 = 2) OR TO AN OUTSIDE SPACE |
c = 1 (| = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
c SPACE | = 2 (I = 1) [W]
C QVENT() - FLOW RATE OF ENTHALPY IN THE VENT FLOW COMPONENT
[+ ENTERING SPACE | [W]
c T - ABSOLUTE TEMPERATURE IMMEDIATELY ABOVE (IN SPACE | =
[~ 1) AND BELOW (IN SPACE | = 2) THE VENT [K]
C TVENT() - ABSOLUTE TEMPERATURE OF THE VENT FLOW COMPONENT
] ENTERING SPACE | {K]
C DELP - CROSS-VENT PRESSURE DIFFERENCE, P(2) - P(1), [PA =
[+ KQ/(M*S**2)]
C DEN() . DENSITY IMMEDIATELY ABOVE (IN SPACE | = 1) AND BELOW
[+] (IN SPACE | = 2) THE VENT [KG/M**3]
C DENVNT()) - DENSITY OF THE VENT FLOW COMPONENT ENTERING SPACE |
c [KG/M**3]
c
C*END
cmt
C*** NOTE THAT NPMAX2 SHOULD BE BIGGER THAT NPMAX
ctm
PARAMETER (NPMAX2=10)

DIMENSION CONL(NPMAX2,2), CONU(NPMAX2,2), TL(2), TU(2)

DIMENSION YCEIL(2), YREF(2), YLAY(2), DPREF(2)

DIMENSION DENL(2), DENU(2)

DIMENSION C(NPMAX2,2), CVENT (NPMAX2,2), XML(2), XMU(2)

DIMENSION XMVENT(2)

DIMENSION PL(NPMAX2,2), PUNPMAX2,2), PVENT(NPMAX2,2), P(2)

DIMENSION GL(2),QU(2)

DIMENSION QVENT(2), T(2), TVENT(2), DEN(2), DENVNT(2)

DIMENSION DP(2),VB(2),VST(2), VWENT(2)

PARAMETER (GAM=1.40D0)

DATA IFIRST/O/

SAVE IFIRST,GAMCUT,GAMMAX

PARAMETER (G =9.80D0)

PARAMETER (Pi=3.141582654D0)

PARAMETER (SIGMA2=1.045D0)

PARAMETER ((M3=-0.7070D0)

GRA=0.D0

VHIGHFL=0.D0

DELPFL=0.D0

DO §i1=1,2

VST()=0.D0

VB(1)=0.D0

QVENT(1)=0.D0

XMVENT (1) =0.D0

DO 2 NP=1,NPROD

PVENT(NRI)=0.D0

2 CONTINUE
[ CONTINUE

[+
Cras THE FOLLOWING CODE SEGMENT COMPUTES CONSTANTS REQUIRED BY VENTCF2.
Cre IT 18 EXECUTED THE FIRST TIME VENTCF IS CALLED.
c
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c

IFGFIRST.EQ.0) THEN
IFIRST = 1
GAMCUT = (2.0D0/(GAM+1.0D0))**(GAM/(GAM-1.0D0))
222 =GAM*((2.000/(GAM +1.0D0))**((GAM +1.0D0)/(GAM-1.0D0)))
GAMMAX = DSQRT(ZZ2)
ENDIF

c*** 1. AND 2. CALCULATE THE P(l), DELP, THE OTHER PROPERTIES

cm

c

(¢}

ctﬁt
c“t

°

. Y

°11°®

LK

“1°%1° °§1°e ¢

ADJACENT TO THE TWO SIDES OF THE VENT, AND DELDEN.

DO10I=1,2
IF(YREF(I).Ii.WENT.AND.YVENT.LE.YLAY(l))THEN

THE VENT IS AT OR BELOW THE REFERENCE ELEVATION INSPACE I. IF
SPACE | IS AN INSIDE ROOM THEN BOTH THE VENT AND THE LAYER
INTERFACE ARE AT THE FLOOR ELEVATION.

DP() = - G*DENL()*(YVENT - YREF()
ELSE

THE VENT IS ABOVE THE REFERENCE ELEVATION IN SPACE I
{€ SPACE | IS AN INSIDE ROOM THEN THE VENT IS AT THE
CEILING.

DP(l) = - G*DENL()*(YLAY()-YREF(D))
- G*DENU(I)*(YVENT-YLAY())
ENDIF

P() = DPREF() + DP() + PDATUM
CONTINUE

DELP 18 PRESSURE IMMEDIATELY BELOW THE VENT LESS PRESSURE
IMMEDIATELY ABOVE THE VENT.

DELP = (DPREF(2)-DPREF(1))+(DP(2)-DP(1))
DO3I=1,2
DEN(l) = 0.0D0
T() = 0.0D0
DO 22 K = 1, NPROD
C(K,) = 0.0D0
CONTINUE
IF(((YVENT.EQ.YREF(I)).AND.((YLAY(I)-VREF(I)).L‘I’.O.DO))
.OR.((YVENT.EQ.YCEIL(1)).AND. ((YCEIL()-YLAY())
.G7.0.D0))) THEN
DEN(1) = DENU(1)
M = TV
DO 24 K = 1, NPROD
C{K,) = CONUK.)
CONTINUE

DEN() = DENL()
™M = TLO
DO 26 K = 1, NPROD
C(K,)) = CONL(K,)
CONTINUE
ENDIF
CONTINUE

DELDEN IS DENSITY IMMEDIATELY ABOVE THE VENT LESS DENSITY
DENSITY IMMEDIATELY BELOW THE VENT

DELDEN = DEN(1) - DEN(2)

3. CALCULATE VST(f), THE "STANDARD" VOLUME RATE OF FLOW
THROUGH THE VENT INTO SPACE |

CALCULATE VST(l) IF DELP = 0
F(DELREQ.0.0D0) THEN
V8T(1) = 0.000
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VST(2) = 0.0D0
ENDIF
IF(DELPEQ.0.D0)  GOTO 32

CALCULATE VST(l) FOR NONZERO DELP

\F(DELPGT.0.0D0) THEN
VST(2) = 0.0D0
RHO = DEN(2)
EPS = DELP/P(2)
ENDIF
IF(DELPLT.0.0D0) THEN
VST(1) = 0.000
RHO = DEN(1)
EPS = -DELP/P(1)
ENDIF
X = 1.000 - EPS
COEF = 0.60D0 + 0.25D0*EPS
XO = 1.0D0
EPSCUT = EPSP*MAX(XO,DPREF(1),DPREF(2))
EPSCUT = DSQRT(EPSCUT)
SRDELP = DSQRT(DABS(DELP))
FNOISE = 1.000
IF((SRDELP/EPSCUT).LE.130.D0) THEN
FNOISE = 1.0D0 - DEXP(-SRDELP/EPSCUT)

NOTE: IF SINGLE PRECISION THEN USED 6S. INSTEAD OF 130.

ENDIF
IF(EPS.LE.0.10-5)THEN
W = 1.000 - 0.75D0*EPS/QAM
ELSE
IF(EPS.LTGAMCUT)THEN
GQ = X**(1.0D0/GAM)
FF = DSQRT((2.0D00*GAM/(GAM-1 .0D0))*GG*GG*
(1.0D0-X/GG))
ELSE
FF = GAMMAX
ENDIF
W = FF/DSQRT(EPS+EPS)
ENDIF

V = FNOISE*COEF*W*DSGRT(2.0D0/RHO)*AVENT*SRDELP
IF (DELRGT.0.0D0)VST(1) = V
IF(DELPLT.0.0D0)VST(2) = V

CONTINUE

4. WHEN CROSSVENT DENSITY CONFIGURATION 18 UNSTABLE, |LE.,
DELDEN > 0, THEN CALCULATE THE VENT FLOW ACCORDING TO:
COOPER, LY, COMBINED PRESSURE- AND BUOYANCY-DRIVEN FLOW
THROUGH A HORIZONTAL VENT, TO APPEAR AS NISTIR, NATIONAL
INSTITUTE OF STANDARDS AND TECHNOLOGY, GAITHERSBURG MD

FOR STABLE CONFIGURATION, GO TO 5. AND VOLUME FLOW RATES WITH
STANDARD MODEL

IF(DELDEN.LE.0.0D0) GOTO 38

FOR UNSTABLE CONFIGURATION, NOW CALCULATE THE COMBINED PRESSURE-

AND BUOYANCY-DRIVEN VOLUME VENT FLOW RATES FROM THE HIGH-TO-LOW
AND FHOMWELOW-TO-HIGHS!DESOFTHEVENT.VBHIGHANDVBLDW,
RESPECTIVELY. FROM THESE THEN CALCULATE THE COMBINED PRESSURE-

AND BUOYANCY-DRIVEN VOLUME FLOW RATES, VB(1), THROUGH THE VENT

INTO SPACE 1.

TBAR=(T(1)+T(2))/2.D0

DENBAR= (DEN(1) + DEN(2))/2.D0

XMEW = (0.04128D-7) *DENBAR* (TBAR*+2.5D0)/(TBAR +110.4D0)
EPSDEN=DELDEN/DENBAR

D=DSORT{4.DO*AVENT/PY)
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GR=2.D0%G*(D**3)*EPSDEN/((XMEW/DENBAR)**2.00)
IF (DELPGT.0.D0) EPSDEN=-EPSDEN
VHIGHFL=0.1754D0* AVENT*DSQRT (2.00+G*D*DABS(EPSDEN))*
DEXP(0.5536D0*EPSDEN)
DELPFL=0.2427D0* (4.00*G*DABS (EPSDEN*DENBAR)*D)*(1 DO+EPSDEN/2.D0)*
DEXP(1.1072D0*EPSDEN)
DPDDPFL=DABS (DELP)/DELPFL
SIGMA1 =FNOISE*COEF*W/0.1780D0
IF (DPDDPFL.GE.1.D0) THEN
VBLOW=0.D0
VBHIGH=VHIGHFL*(1.D0-(SIGMA2**2.D0) +
DSQRT(SIGMAZ**4.00+(SIGMA1+*2.00)* (DPDDPFL-1.00)))
ELSE
VEXMAX=0.055D0*(4.D0/Pl) *AVENT*DSGRT(Q*D*DABS(EPSDEN))
XM=(SIGMA1/SIGMA2)**+2.D0-1.00
VBLOW =VEXMAX*(((1.00+XM3/2.D0)*((1.00-DPDDPFL)**2)-
(2.D0-+XM3/2.D0)*(1.D0-DPDDPFL)) **2.00)
{F (DPDDPFLEQ.0.D0) THEN
VBHIGH=VBLOW
ELSE
VBHIGH=VBLOW +
(XM-DSGRT(1.00+ (XM*+2.00-1.00)*(1.00-DPDDPFL))
VHIGHFL/(XM-1.D0)
ENDIF
ENDIF
IF (DELP.GT.0.D0) THEN
VB(1) =VBHIGH
VB(2) =VBLOW
ELSE
VB(1)=VBLOW
VB(2)=VBHIGH
ENDIF

5. CALCULATE VVENT(H), THE VOLUME RATE OF FLOW THROUGH
THE VENT INTO SPACE |

CONTINUE
IF(DELDEN.LE.0.000) THEN
VVENT(1) = VST(1)
VVENT(2) = VST(2)
ELSE
IF((0.DO0.LT.GR).AND.(GR.LT.2.D7)) THEN
VVENT(1) =VST(1) + (GR/2.D7)* (VB(1)-VST(1))
VVENT(2) -EV5;®+(°M‘NB¢)¥3TM)
E
VVENT(1)=VB(1)
VVENT(2)=VB(2)
ENDIF
ENDIF
6. CALCULATE THE VENT FLOW PROPERTIES

DENVNT(1) = DEN(2)*P(1)/P(2)
DENVNT(2) = DEN(1)*P(2)/P(1)
TVENT(1) = T(2)

TVENT(2) = T(1)

DO 50 K = 1, NPROD
CVENT(K,1) = C(K.2)
CVENT(K,2) = C(K,1)

CONTINUE

7. CALCULATE THE VENT MASS FLOW RATES
DO 6Ol =12
XMVENT()) = DENVNT()*VVENT()
CONTINUE
8. CALCULA'I'ETHERESTOFTHEVENTFLDWRATES

DO 70 I=1,2
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75

QVENT()) = XMVENT())*CP*TVENT())
DO 65 K = 1, NPROD

PVENT(K,]) = XMVENT(1)*CVENT(K,)

CONTINUE

CONTINUE

9. CALCULATE THE RATE AT WHICH THE VENT FLOWS ADD MASS,
ENTHALPY, AND PRODUCTS TO THE LAYERS OF THE SPACES FROM
WHICH THEY ARE EXTRACTED. FIRST TREAT LAYERS OF SPACE 1
(=1, J=2) AND THEN SPACE 2 (1=2, J=1).

pogsi=1,2
IF (LEQ.1)THEN
J=2
ELSE
J=1

ENDIF
WF(((YVENT.EQ.YREF())) .AND.((YLAY(l)-YREF(I)).LT.O.DO))
.OR.((YVENT.EO.YCEIL(I)).AND.((YCEIL(I)-YLAY(I))

ENDIF
CONTINUE
RETURN
END

.GT.0.D0))) THEN

XMU() = -XMVENT(J)

XML(1) = 0.000

Qu(l) = -QVENT(J)

aL() = 0.000

DO 75 K = 1, NPROD
PU(K,) = -PVENT(K.J)
PL(K,)) = 0.0D0

CONTINUE

{F (DABS (YREF (I} -YCEIL()).LT0.0001D0) THEN
XML() = XMU(D
aL@ = QU
DO 80 K = 1, NPROD

PLK,) = PUK,)

CONTINUE

ENDIF

ELSE
XML()) = XMVENT({))
XMU(l) = 0.0D0
QL() = -QVENT(J)
Qu() = 0.0D0
DO 85 K = 1, NPROD
PL(K,) = -PVENT(KJ)
PU(K,)) = 0.0D0
CONTINUVE
IF(DABS(YREF(I)-YCE'L(Q).LT.O.M“W)THEN
XMU(M = XML(T)
Qu( = QL)
DO 90 K = 1, NPROD
PUK,D) = PLKD
CONTINUE
ENDIF
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VENTCF2A - CALCULATION OF THE FLOW THROUGH A HORIZONTAL CEILING/FLOOR VENT
CONNECTING TWO SPACES WITH *SMOOTHING" OF LAYER EXTRACTION RATES
AT TIMES OF RELATIVELY THIN ADJACENT-VENT LAYERS

DESCRIPTION

Consider an instant of time during the simulation of a multi-room compartment fire environment. This
algorithm calculates the flow of mass, enthalpy, oxygen, and other products of combustion through a
horizontal vent located in a ceiling/floor partition common to any two inside rooms of the facility or
between an inside room and the outside environment local to the vent. VENTCF2A is a modification of
VENTCF2 [1]. It provides special considerations for *smoothing® rates of layer extraction from the flow
source room at times of relatively thin adjacent-vent layers. When used in a full zone model, and
depending on the integration software for the particular model, the considerations in VENTCF2A eliminate
singularities that may cause convergence problems in fire simulations at times when adjacent-vent layers
are growing or shrinking from near-zero depths.

Depicted in Figure 1a is the vent and the two spaces when they are both inside rooms of a multi-room
facility. Figures 1b and 1c depict the situation when the two spaces involve one inside room of the facility
and one outside space, either above or below the room, in which is simulated the outside environment
local to the vent.

As in Figure 1, designate the top space as space 1 and the bottom space as space 2. It is assumed that
the temperature, density, concentration of oxygen and of other products of combustion of interest in the
upper and lower layer of each inside room and in the environment local to the vent of an outside space
are specified. Also specified in each inside room are: the elevation above the datum elevation of the floor,
and the upper-layer/fiower-layer interface; and the pressure at the floor above the specified datum
pressure. Specified in an outside space are: a reference elevation above the datum elevation, and the
pressure at this reference elevation above the specified datum pressure.

When the upper gas is less dense than the lower gas, i.e., the fluid configuration is stable, the flow
through the vent is determined by a traditional orifice-type flow model. Then, flow is determined by the
cross-vent pressure difference without any regard for buoyancy effects (see, e.g., [2] and [3]) and the
present algorithm/subroutine is identical to that of VENTCF [4]. When the configuration is unstable and
the upper gas is more dense than the lower gas, the effects of combined pressure and buoyancy forces
can be significant. For example if the cross-vent pressure is relatively small, the unstable density
configuration leads to an exchange-type of flow, with gas in the lower space rising into the upper space
and gas from the upper space dropping into the lower space, where the flow rate from the high- to the
low-pressure side of the vent is the larger of the two. Also, even when the cross-vent pressure difference
large enough to produce uni-directional flow, the effect of buoyancy can be great enough to reduce
significantly the flow rate from what it would be in the absence of a cross-vent density difference. Inthe
present algorithm, for the case of unstable configurations the calculation of the flow between the two
spaces is based on the theory developed and presented in [5].

For unstable density configurations, the model of [5] and, therefore, the VENTCF2 and VENTCF2A
algorithms/subroutines are for flow through a circular, shallow (i.e., small ratio of depth to diameter),
horizontal vent. It is also expected that the model will give reasonable estimates of flow even for non-
circular vents, provided the aspect ratio (maximum-to-minimum span) of a vent shape of interest is not
too much different than 1. Indeed, one of the example calculations of [5], which includes comparisons
with some relevant experimental data, provides limited support for the applicability of the model in the
case of square vents. However, USE OF VENT CF2 AND VENTCF2A IN HIGH-ASPECT-RATIO AND/OR
MODERATE-TO-LARGE-DEPTH VENT SCENARIOS IS NOT VALID when cross-vent pressure differences
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are small-to-moderate compared t0 Apg oop- Results beyond those developed in [5) are required betore
the present work can be used for the latter types of vent shape.

The geometry and the conditions local to the vent which determine the characteristics of the vent flow are
depicted in Figure 2. These include: the densities, p, and p,, and the hydrostatic pressures, p, and p,,
at the elevation, but away from the immediate vicinity of the vent in the upper and lower spaces,
respectively, and the area, A,, and shape of the vent. Regarding the shape, at the present time results
for horizontal vent flows are only available for circular or square vents. Other properties local to the vent
and indicated in Figure 2 are T, and T,, the absolute temperatures, Co, , and Cq, ,, the concentrations of
oxygen, and ¢y, and Cy,, K =210 Nppop the concentrations of a product of combustion K.

To simulate fire scenarios at times when vent flows are driven by arbitrarily high cross-vent pressuré
differences (i.e., when compressibility effects begin to be significant), whether for stable or unstable cross-
vent density configurations, both VENTCF2 and VENTCF2A implement the ideas introduced in reference
[3] and implemented previously in the algorithm/subroutines VENTHP [6] and VENTCF [4]. Such high
cross-vent pressure differences could occur, for example, in fire scenarios involving flows through cracks
in otherwise hermetically-sealed fire compartments.

The feature which defines the diffence between VENTCF2 and VENTCF2A is in the treatment of the source
of the vent flow when the adjacent-vent layer in the source room is relatively thin. When the thickness
of the vent-adjacent layer, &y, is large enough, it is assumed in VENTCF2A that the flow driven through
the vent is extracted entirely from this layer. Unless &y = 0, this assumption is always made in the
VENTCL2 model/algorithm, i.e., independent of the size of 5y. However, in VENTCL2A, when Sy is smaller
than some specified, non-zero, characteristic thickness, 6, the model/algorithm assumes that only the
fraction 8y/é of the net volumetric rate of flow driven through the vent from the room is extracted from the
vent-adjacent layer, the remaining fraction, (1 - 8y/8), being extracted from the far layer.

It is reasonable to take the characteristic thickness, &, as being of the order of the characteristic span of
the vent opening, taken as to equivalent vent diameter, D = (4Av/1t)"2, but never greater than a
characteristic distance related to the height of the room, H, from which the flow is extracted. Here Sis
taken to be § = min(D/2, H/2).

OUTPUT

Coz,1 [Coz2]

Concentration of oxygen of the flow from the top [bottom] space as it enters the vent. [(kg of
oxygen)/(kg of layer)]

Cy 1 [Ck2l

Concentration of product K of the flow from the top [bottom] space as it enters the vent. [(unit
of product K)/(kg of layer)]

Cyentozn | =10r2

Concentration of oxygen in the component of the vent flow entering space |, provided such vent
flow component is non-zero, i.e., provided Mgy, is non-zero. [(kg of oxygen)/(kg of vent flow)]

Cyentis | = 1 0r 2 K = 210 NPROD
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Concentration of product of combustion K in the component of the vent flow entering space |,
provided such vent flow component is nonzero, i.e., provided Mgy, is non-zero. [(unit of
product)/(kg of vent flow)]

My, [M_ i1 =10r2

If space | is an inside room: Rate at which mass is added to the upper [lower] layer of room |
due to the vent flow component which enters the other space. Note that this will always be
negative, since the layer which supplies the material flowing to the other space will always have
mass extracted from it. [W]

If space | is an *outside room*: My is the rate at which mass is added to space | due to the vent
flow component which enters the other space (i.e., the inside room). Note that this will always
be negative, since an outside space which supplies material flowing through the vent to an
adjacent space will always have mass extracted from it. M, , is identical to My, W]

Mass flow rate of the vent flow component entering space I [kg/s]

Poori [Poguld st =10r2
If space | is an inside room: Rate at which oxygen is added to the upper [lower] layer of room
| due to the vent flow component which enters the other space. Note that this will always be

negative, since the layer which supplies the material flowing through the vent to the other space
will always have its convected oxygen extracted from it. [(kg of O,)/s]

if space | is an “outside room®: Poo v, is the rate at which oxygen is added to space | due to the
vent flow component which enters the other space (i.e., the inside room). Note that this will
always be negative, since an outside space which supplies material flowing through the vent to
an adjacent space will always have its convected oxygen extracted from it. Pozu is identical to

P oz, (kg of O)/s]
Poz,vgm“; I=1to 2

Mass flow rate of oxygen of the vent flow component entering space |. [(kg of oxygen)/s]
Pt [Prugdi K= 210 Nppopi | = 1 0r2

If space is an inside room: Rate at which product of combustion K is added to the upper [lower]
layer of room | due to the vent flow component which enters the other space. Note that this will
always be negative since the layer which supplies the material flowing through the vent to the
other space will aiways have its convected product of combustion K extracted from it. [(unit of
product K)/s]

If space | is an *outside room*: Py, is the rate at which product of combustion K is added to
space | due to the vent flow component which enters the other space (i.e., the inside room). Note
that this will always be negative, since an outside space which supplies material flowing through
the vent to an adjacent space will always have the convected product of combustion K extracted
from it. Py, | is identical to Pyu, [(unit of product K)/s]

Peventi | = 1102 K= 210 Nppop
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Flow rate of product of combustion K in the vent flow component entering space f. [(unit of
product K)/s]

P, [Pl

Absolute hydrostatic pressure in the top [bottom] space at the elevation of the vent. [Pa =
kg/(m-s?)]

Q@ t=10r2
If space | is an inside room: Rate at which enthalpy added to the upper [lower] layer of room |
due to the vent flow component which enters the other space. Note that this will always be

negative, since the layer which supplies the material which flows to the other space will always
have its convected enthalpy extracted from it. The enthalpy is based on the absoiute temperature

of the flow, Tyenty W]

If space | is an *outside room": Qy, is the rate at which enthalpy is added to space | due to the
vent flow component which enters the other space (i.e., the inside room). Note that this will
always be negative, since an outside space which supplies material which flows through the vent
to an adjacent space will always have its convected enthalpy extracted from it. The enthalpy is
based on the absolute temperature of the flow, Ty, Q, , is identical to Qy, W]

Total enthalpy flow rate in the vent flow component entering space I. This is based on the
absolute temperature of the flow, Tvent W]

T, [T
Absolute temperature of the flow from the top [bottom] space as it enters the vent. [K]
Tyents 1 =110 2

Absolute temperature of the vent flow component entering space I, provided such vent flow
component is non-zero. K]

Ap

P, - Py, i.€., difference between the pressure in the bottom space, at the elevation of the vent, and
the pressure in the top space, at the elevation of the vent. [Pa = kg/(m- s9)]

P4 [Pz]
Density of the flow from the top [bottom] space as it enters the vent. [kg/m,]
pventy | = 110 2

Density of the vent flow component entering space I, provided such vent flow component is
nonzero. [kg/m’]

INPUT
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A

Area of the vent [m?].
Cixi [cu_K_|]; K = 210 Npgops i=1o0or2

If space | is an inside room: Concentration of product of combustion K in lower [upper] layer of
room | if the volume of the lower [upper] layer is non-zero (if the lower [upper] layer volume is
zero then the ¢ g, [Cyxil value is not used in the calculation). [(unit of product K)/(kg of layer)]

If space | is an "outside room": Cy y, is the uniform concentration throughout the space of product
of combustion K; ¢y, is specified as being identical to ¢y, [(unit of product K)/(kg of local
atmosphere)]

Cp oz [cu_oz_,]; l=1o0r2

If space | is an inside room: Concentration of oxygen in lower [upper] layer of room | if the
volume of the lower [upper] layer is non-zero (if the lower [upper] layer volume is zero then the
CLoz2) [y 024 value is not used in the calculation). {(kg of oxygen)/(kg of layer)]

If space | is an "outside room*. C, oz, is the uniform concentration throughout the space of
oxygen; Cy oo, IS specified as being identical 10 C; o [(kg of oxygen)/(kg of local atmosphere)]

Specific heat at constant pressure of the vent flow. [W - s/(kg - K)] (suggest 10° W -s/(kg - K) for air
as default)

Nemax

Maximum allowed number of products of combustion.

NPROD

Number of products of combustion, including oxygen, being tracked in the simulation.

Poar

Datum absolute pressure. [Pa = kg/(m-s?)]

Tu Mok i=10r2

If space | is an inside room: Absolute temperature of the lower [upper] layer in room | if the
volume of the lower [upper] layer is non-zero (it the lower [upper] layer volume is zero then the
Ty, [Ty,] value is not used in the calculation). [K]

If space | is an *outside room*: T ,is the uniform absolute temperature there, taken to be the
temperature at the reference elevation, Ype; Ty, is specified as being identical to T, [K]

Yeeit Yrerd
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If space | is an inside room: Elevation of the ceiling [fioor] of room | above the datum elevation.
[m]

If space | is an "outside room*. ycg | and Ygeg, are both identical and equal to the reference
elevation of space | above the datum elevation, i.e., the specification must satisfy Yog | = Ygerr
The latter identity, which will never be satisfied for an inside room, is a characteristic of the input
data used to distinguish an inside room from an *outside room." [m]

Yuaverp 1 = 1072

if space | is an inside room: Elevation of the upper/lower layer interface in room | above the
datum elevation. [m]

If space | is an *outside room": ¥ xveg, is specified as being identical to ygeg,- [M]

Yvent

Elevation of the vent above the datum elevation. Note that ygyr must be identical to either yeg,
or yger, for each of the one or two inside rooms involved in the calculation. [m]

Pressure at the reference elevation, yge, in space | above the datum absolute pressure, Ppar-
If space | is an inside room, then 8pgeg, and Yger, MUSt corr_es%ond to the pressure and elevation,
respectively, within the room and at the floor. [Pa = kg/(m-s%)]

Error tolerance for 8ppery I Peppon, is defined as the uncertainty in 8pgeey, | = 1 0Or 2, then
Perron, Satisfies

|Perroril < &pPo + 15Pgersl€p

where p, = 1.0Pa. The first term is based on an absolute error tolerance and dominates the
above error bound when |8pge| is less than 1.0Pa. The second term is a relative error
tolerance and dominates when [6pger| is greater than 1.0Pa. &, should be chosen to be
consistent with the tolerance specified for the computation of &pgeg terms in the overall
compartment fire model computer code which uses this algorithm.

pu ey lit=10r2
If space | is an inside room: Density of the lower [upper] layer in room | if the volume of the lower
[upper] layer is non-zero (if the lower {upper] layer volume is zero then the p, | [py,] value is not
used in the calculation). [kg/m’]

if space | is an "outside room". p, ,isthe uniform density there; p,  is specified as being identical
to oy [kg/m®]

CALCULATION
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Set all output to zero. If A, = 0 then calculation is complete, if not then:

1. Calculate p, for | = 1 and 2 , and then Ap (the p, calculation follows the DELP algo-
rithm/subroutine of reference [7]):
P = Pgery + 6P + Ppar (1
Ap = Pp- Py = (5Pgerz - SPners) + (6P2 - 6Py) @

where

if Yaer: < Yvent < Yiaven, then: 8p, = - pL80venT - Yrer)

3
else: 8p, = - p| 9Vaver, - Yaer) - Pus90vent - Yiaver) ©
and where g, the acceleration of gravity, is 9.8 m/s.
2 Calculate D, &, 8y,, p; Ty Copy @nd the ¢y, K = 210 Npgop, for | = 1 and 2, and then Ap:
D = (4A/m)"* @)

I Yeeis > Yrer: then (space | is an inside space and)
& = min[(ycew, - Yrerd/2: D/21; 8Y) = |Yiaven: - Yvent|
else (yce, = Yrerr SPace | is an outside space, and)
6, =D/f2;, 6y, =0
if 8y, > &, then (vent flow from space | is extracted from the vent-adjacent layer):
if | = 1 (i.e., the upper room) then
py= Py T4 = Tip Coz1 = CLop,» @Nd Cyy = iy
else (I = 2, i.e., the lower room and)
p2 = Puz T2 = Tyz Coz2 = Cygopz @Nd Cxz = Cyko

else (8y, < &, and the vent flow from space | is extracted from both layers)

if1 = 1 (i.e., the upper room) then
p1 = pualt - 8Y4/8)) + p 1848y Ty = Tyspyalpai
Coz1 = [Cuc21Pu(1 - 8Y4/81) + CLoz1pL18Y /84 by
C1 = [Cuxspu(l - 8Y4/8y) + CLi1pL18Y1/8V/p4 K = 2, Negop

else (I = 2, i.e., the lower room and)
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pa = pLoll - 8YaI8) + pyBYalbs To = Ti2pLolPai

Cozz = [CLoz2p2(1 - 8Y2I82) + Cy,00,2Pu28Y2/82) P2

Cko = [CukapLa(l - Y2182 + Cux2Pu 20282l P2 K = 2, Nepop

Bp = py-pp (5
Define Vgryan @S the volume rate of flow through the vent, from the high- to the low-pressure
space, that is predicted with a sstandard," unidirectional-flow-type calculation (i.e., without regard
to the effect of buoyancy, in general, or the stability of the cross-vent density configuration, in
particular), where arbitrarily high cross-vent pressures are allowed. Here, the calculation follows
the model of [3] as implemented in the VENTHP algorithm/subroutine of [6]. Calculate VerhigH:
If Ap = 0 then: Vgr,ey = O: skip to (the next) item 4 of the CALCULATION (6)
if Ap > 0 or Ap < 0 then:
a. Define and compute pg, € and X:
If Ap > O, i.e., *standard® flow from (lower) space 2 to (upper) space 1, then:
Prign = P2 € = OPIP, @

If Ap < O, i.e., *standard” flow from (upper) space 1 to (lower) space 2, then:

Pricn = Py € = - AP/Py ®
x=1-¢ 9)
b. Compute C(x), the vent flow coeffient, and w(x):
C(x) = 0.85 - 0.25x = 0.60 + 0.25¢ (10)
{1 - [3/(4y)le 0 <€ =<10°
w(x) = (11)
f)/[2€]"? 1=z €>10°
where
{2v/y - DI -x& YR e < 1 - Ry + OO
() = (12)
{rllly + NV OPR ez 4 - 2l + NPT

and where -+, the ratio of specific heats of the vent flow gas, is taken to be that of air,
1.40. Note that for the present horizontal vent application, the C(x) of Eq. (10) is taken
to be consistent with the standard incompressible limit for flow through circular sharp-
edged orifices in the sense that C -+ 0.60as¢e - 0[8].
c. Define and compute Ap %
BpL2 = [e,;MAX(1.0Pa, [8Pper1. |5Prer2l"™ (13)
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d. Define and compute Fyqse: @ NUMerical damping factor, and then Vgryen'
Frnose = 1.0~ exp(-| Ap| "/BPSyT (14)

VsthicH = FNOlSEC(X)W(X)(Z/PH|Gr01/2Av|AP|1/2 (15)

The term Fyoee Of EQ. (14) is designed to damp out the numerical noise (error) in the
calculated value for Ap that would otherwise be dominant in Eq. (15) when Ap is small
relative to the maximum of 1.0 pascal and the calculated reference pressures, SPge.qs
8Pgeros The term Apeyr of Eq. (13) is an estimate of how small the maximum of |Ap|
must be to retain a few digits of accuracy in the calculation of Ap. When the calculated
value of |Ap| is smaller than pg,y, this value and, therefore, the value of Vgryqy in EQ.
(15) will likely contain noise which should be damped. Fygee is constructed to tend
towards 1 when |Ap| is large relative to Aper and tends towards 0 when |Ap| is small
relative t0 Apgyr-

When the cross-vent density configuration is unstable {Ap > 0), mixed pressure- and buoyancy-
driven aspects of the flow have to be considered and the vent flow rates are calculated according
to [5]. Define Vg e Verow @S the reference-[5], buoyancy-affected, volume flow rates across
the vent from the high-to-low and low-to-high pressure spaces, respectively.

f Ap < 0: Vguuan = Varow = 0; Skip to (the next) item 5 of the CALCULATION (17)

a. Calculate T, 7, p(T) in m%/s from [12], and € > 0 :

T=,+T)2 7= (o + p)2: u() = 7[0.04128(107) /(T + 110.4)];

e=0plp >0 (18)
b. Calculate Gr; if P, > Py -0, 8P > 0, then replace e by - € < O:
Gr = 2gD°|e|/[u(T)/p)% i Ap > Othene = -& (19)
c. Calculate conditions at the limit of unidirectional flow (i.e., the flooding condition) and the

relative pressure, 6p*:
VianrLoop = 0-1754A,(2D|e |)"2exp(0.5536¢);
Aproop = 0.2427(4gApD)(1 + €/2)exp(1.1072¢); (20)
&p* = 18p1/APr000
d. Calculate 0,, 0, and then Vg, ow: Ve rian:
0, = FroiseCX)W(¥)/0.1780; 0, = 1.045 (21)
it 5p* = 1, expect uni-directional flow:

Vaiow = 0 Vawian = Viianrroool! - o) + [0} + o26p*- N1 (2

if p* < 1, expect mixed flow:
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Vi wax = 0.055(4/mA,(gD &))" m, = - 0.7070; M = O Jo)2 -1  (23)

Vg o = Vel + my/2)(1 - 8p%)* - @ + my2)(1 - 5pM)J?
VB.HIGH = VB,LOW + {M - [1 + (M2 - 1)(1 - 6p*)]1/2}VHIGH,FLOOD/(M - 1)

(Note: o, of Eq. (21) is somewhat different than o, in [5]. The modification here is
provide for an analytic representation of vent flow which is continuous and uniformiy valid
even as 5p’ is increased to a level where compressibility effects become important. The
result of [5] does not include the effect of compressibility.)

(24)

Following [5], when Ap > 0 the above will be taken as the flow solution provided Gr = 2(10%).
For smaller Gr, the reference-{5] solution beg7ins to loose its validity, and there is no existing
model for the flows the range 0 < Gr <_2(10°). However, it is clear that the above-calculated

sstandard" flow must be approached as Gr - 0.

Consistent with the above comments, when Gris in the range 0 < Gr < 2(107), the vent flow will
be estimated by:

flow = (*standard* flow) + [(reference-[5] flow) - (*standard* flow)]Gr/[2(1 0]

a Define Ve and Vo as volume flow rates across the vent from the high-to-low and low-
to-high pressure spaces, respectively.

Ap < 0 Viyan = Vermaw Viow =0 (25)
i Ap > 0and 0 < Gr < 2(107):

VHIGH = VST.HIGH + (VB.HIGH - VSTZHIGH)ér/ [2(1 07)]

~ (26)
Viow = Varow@2(107]
It Ap > 0 and Gr = 2010 Vyyou = Varar Viow = Verow @n
b. Define and calculate Vygyp, | = 1 and 2, as the vent volume fiow rate entering space .
It &p = 0: Vyenrs = Vi Vventz = Viow (28)

(i.e., flow to the upper space is the flow from the high- to the low-pressure space, and
flow to the lower space is the flow from the low- to the high-pressure space)

i Ap < 0: Vet = Viows Vventz2 = ViiaH (29)

(i.e., flow to the upper space is the flow from the low- to the high-pressure space, and
flow to the lower space is the flow from the high- to the low-pressure space)

Calculate the vent flow properties pyenty Tventr Cventozr CvenTkr K = 210 Npgopy | = 1 and 2:

PvENTY = p2(Ps/P2): PveNT2 = p1(PIP): Tventy = T Tventz = To (30)
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Cventoz1 = Coz2 Cventozz = Cozti CveNTKY = Cx2r Cventk2 = Gk K = 210 Npgop

Calculate the vent flow rates Mgy, | = 1and 2:
Myent) = PvenTiVVENT) (31)
Calculate the vent flow rates Quenty Pozventr Pventy K = 210 Npgopy | = 1 and 2:

Quenty = MyentCp Tventi Poavents = MyentiCventoz. @)

Puvent: = Myent Sventin K = 210 Neroo
Calculate rates at which flows are added to layers of each space as a resutlt of the vent flow
extracted from it. First consider space 1(=1,J=2)and thenspace2 (I =2,J = 1). For either
case:
It &y, > 6, then (vent flow from space | is extracted from the vent-adjacent layer):
Ifl = 1 (i.e., the upper room) then
Mey = - Myent2 My, =0 Q4=+ Quentzs Qus = O

Pozr1 = - Pozvent2 Poous =0

PeLt = - Peventz Prus = O K = 2, Nprop

(33)
i Yot = Yaers then (room 1 is an outside room and)
My = M+ Qyy = Qs
Pozu1 = PozLti Peus = PeLr K=2, Nerop
else (| = 2, i.e., the lower room and)
My2 = - Myent.o M,=0 Qy,=- Quent Q2 =0
Pozuz = - Poavents Poarz = O
Pruz = - Prventy Priz = 0 K= 2 Nepoo
(34)

i Yeeiw2 = Yaerz then (room 2 is an outside room and)
Myp = Mz Qye = Q

Pozuz = Poorz Pruz = Pkrz K =2 Negop
eise (8y, = 6, and the vent flow from space | is extracted from both layers)

If| = 1 (i.e., the upper room) then

Mys=- puall - 8Y,/8 Vyentz2: My=- PL.1(5V1/51)VVENT.|
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Qu1 = My 1CpTu,1s Q.= M CoTLs
Pozu1 = MysCuczi Poz.Ls = ML1CLoz1
Prut = MyuCuxs Peet = MGk K =2, Nproo (35)
fYeei1 = Yrers then (room 1 is an outside room and)
M, = My Q= Quy
Poat = Pozu,s Peit = Prus K= 2 Nepop
else (I = 2, i.e,, the lower room and)
M, = - pralt - 8y /5 Vventsi My = - pu2(8Y2/8)Vvent 1
Q=M CTia Quz= My21CpTuzi
Poa2 = MLoCLoz2! Poouz = Muzfuoce2
Perz = MGk Peuz = My2Cuxz K = 2 Nepop: (36)
If Yoo = Yrer2 then (room 2 is an outside room and)
Myz = Mz Quz = QL

Pouz = Poz.L2 Pruz = Pyr2 K =2 Npgop
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SUBROUTINE VARIABLES

All nomenclature in the subroutine is identical to the nomenclature used above except for.

A, - AVENT [m?)

C - COEF

c, - CP [W-s/(kg-K)]

CLp Cuki - (;folglyLe(ll;il). CONU(K,)), | = 1 or 2 [(unit of product K)/(kg
CLozr Cu02l - g?er:;-]“ ), CONU(1,D), | = 1 or 2 [(kg of oxygen)/(kg of
CVENTKI - :i‘,c\,l‘SNT(K.l). I= 1 or 2 [(unit of product K)/(kg of vent
CveNT. 021 - CVENT(1,)), | = 1 or 2 [(kg of oxygen)/(kg of vent flow)]
Ck) - C(K,)), I= 1 or 2 [(unit of product K)/(kg of vent flow)
Cozl - c(.), I = 1 or 2 [(kg of oxygen)/(kg of vent flow)]
Fnoise - FNOISE [dimensioniess]

f - FF [dimensionless]

Gr . GR [dimensionless]

g - 9.8 m/s

M - XM [dimensionless}]

M, My, - XML(D), XMU(), | = 1 or 2 [kg/s]
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Myent,

L

Nemax
Nerop
PLr Prus
Pyvent
PoaLr Pozul
Pozvent
Poar

P

Q. Qu,
Quent,

5

T

T Tug
Tventy

Vg HiH
Va.Low
‘VEX.MAX
Viah Viow
VhigH FLooD
VstHiaH

VVENTJ

w

X

Yeew

XMVENT(), | = 1 or 2 [kg/s]

XM3 [dimensionless]

NPMAX [dimensionless]

NPROD [dimensionless]

PL(K,}), PUK), | = 1 or 2 [(unit of product K)/s]
PVENT(K,}), | = 1 or 2 [(unit of product K)/s]
PL(1,D), PU@,D, | = 1 or 2 [(kg of oxygen)/s]
PVENT(1,)), | = 1 or 2 [(kg of oxygen)/s]
PDATUM [Pa = kg/(m-s9)]

P(l), | = 1 or 2 [Pa = kg/(m-s?)]

QL(), QU(), | = 1 or 2 [W]

QVENT(l), | = 1 or 2 [W]

TBAR [K]

TO), 1 =1o0r2[K]

TLQ), TUQ), 1 = 1 or 2 [K]

TVENT(), | = 1 or 2 [K]

VBHIGH = VB(1) if Ap = 0, = VB(2) if Ap =< 0 [m%/s]
VBLOW = VB(2) if Ap = 0, = VB(1) if Ap = 0 [m°/s]
VEXMAX [m®/s]

VHIGH, VLOW [m®/s]

VHIGHFL [m%/s)

V = VST(1) if Ap > 0, = VST(2) it Ap < 0 [m¥s]
VVENT(), | = 1 or 2 [m%s]

W [dimensioniess]

X [dimensionless}]

YCEIL(), | = 1 or 2 [m]
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YLAYER. - YLAY()), | = 1 or 2 [m]

YReF| - YREF()), | = 1 or 2 [m]

YVENT - YVENT [m]

. - 1.40

Ap . DELP [Pa = kg/(m-s?)]

Apil? - DPC1D2 [Pa = kg/(m-s%)]

APt 00D - DELPFD [Pa = kg/(m-s?)]

BAp - DELDEN [kg/m®]

5, - DEL(l), | = 1 or 2 [m]

5p. - DPDDPFL [Pa = kg/(m-5?)]

5p, - DP(),1 =1o0r2[Pa= kg/(m-s9)]

8Ppqer, - DPREF()), | = 1or2 [Pa = kg/(m-s?)]

8y, - DELY()), | = 1 or 2 [m]

[> - EPS [dimensionless]

&, - EPSP [dimensioniess]

B - XMEW [m?/s]

PHIGH - DENHIGH [kg/m"®]

? - DENBAR [kg/m®]

Py - DEN(), | = 1 or 2 [kg/m°]

Ly Pul - DENL()), DENU(), | = 1 or 2 [kg/m®]

PVENTI - DENVNT(), | = 1 or 2 [kg/m’]

o, - SIGMA1 [dimensionless]

o, - SIGMA2 [dimensionless]
PREPARED BY

Leonard Y. Cooper
December 1993
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(OUTSIDE)
SPACE

The possible configurations of the two spaces joined by a horizontal celling/floor vent
with space 1 above space 2: a) two inside rooms; b) an outside space above an

inside room; c) an inside room over an outside space.

Figure 1.
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Figure 2. The geometry and conditions local to a horizontal celling/floor vent which determine
the characteristics of the vent flow.
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SUBROUTINE VENTCF2A

SUBROUTINE VENTCF2A(
| AVENT.CONLOONU,CP,NPMAX.NPROD,PDATUM,TL.TU.
1 YCEILYREF.YLAY,WENT,DPREF,EPSP,DENLDENU,
o] C.CVENT,XML,XMU,XMVENT,PL,PU,PVENT,P,QL.QU,QVENT,T,TVENT,
(o]

FRACM,FRACQ,FRACP,
(o] DELPDEN,DENVNT)
INCLUDE PRECIS.INC
C*BEG

C*++ VENTCF2A - CALCULATION OF THE FLOW OF MASS, ENTHALPY, OXYGEN
AND OTHER PRODUCTS OF COMBUSTION THROUGH A HORIZONTAL
VENT JOINING AN UPPER SPACE 1 TO A LOWER SPACE 2. THE
SUBROUTINE USES INPUT DATA DESCRIBING THE TWO-LAYER
ENVIRONMENT OF INSIDE ROOMS AND THE UNIFORM
ENVIRONMENT IN OUTSIDE SPACES. THIS IS A VARIATION

OF VENTCF2 WHICH SMOOTHS THE RATE OF EXTRACTION FROM
VENT-ADJACENT LAYERS WHEN SUCH LAYERS ARE RELATIVELY
THIN.

?OOOOOOOOO

SUBROUTINE ARGUMENTS

INPUT

AVENT - AREA OF THE VENT {M**2]

CONL(K,]) - CONCENTRATION OF PRODUCT K IN LOWER LAYER OF AN INSIDE
ROOM | OR UNIFORM CONCENTRATION OF PRODUCT K IN AN
OUTSIDE SPACE | [(UNIT OF PRODUCT)/(KG LAYER)]

CONL(K,) - CONCENTRATION OF PRODUCT K IN UPPER LAYER OF AN INSIDE
ROOM | OR UNIFORM CONCENTRATION OF PRODUCT K IN AN
OUTSIDE SPACE | [(UNIT OF PRODUCT)/(KG LAYER)]

00000

c

c

c

c

c

c cpP . SPECIFIC HEAT [W*S/(KG*K)]

C NPMAX . MAXIMUM ALLOWED NUMBER OF PRODUCTS

C NPROD - NUMBER OF PRODUCTS IN CURRENT SCENARIO

C PDATUM - DATUM ABSOLUTE PRESSURE [PA = KG/(M*S**2)]

c o - TEMPERATURE OF LOWER LAYER OF AN INSIDE ROOM | OR

c TEMPERATURE OF AN OUTSIDE SPACE | [K]

c T . TEMPERATURE OF UPPER LAYER OF AN INSIDE ROOM | OR

c TEMPERATURE OF AN OUTSIDE SPACE | [K]

c YCEL® . HEIGHT OF CEILING ABOVE DATUM ELEVATION FOR AN INSIDE
c ROOM | OR YREF() FOR AN OUTSIDE SPACE | [M]

C YREF() - HEIGHT OF REFERENCE ELEVATION FOR SPACE | ABOVE DATUM
c ELEVATION [M]

C WLAY() - HEIGHT OF LAYER ABOVE DATUM ELEVATION FOR AN INSIDE
c ROOM | OR YREF(I) FOR AN OUTSIDE SPACE | [M]

C YVENT . HEIGHT OF VENT ABOVE DATUM ELEVATION [M]

C DPREF() - PRESSURE IN SPACE | AT ITS REFERENCE ELEVATION ABOVE
c DATUM ABSOLUTE PRESSURE [PA = KG/(M*S**2)]

C EPSP - ERROR TOLERANCE FOR DPREF [DIMENSIONLESS]

C DENL() - DENSITY OF LOWER LAYER OF AN INSIDE ROOM | OR DENSITY
c OF AN OUTSIDE SPACE | [KG/M**3]

C DENU() . DENSITY OF UPPER LAYER OF AN INSIDE ROOM | OR DENSITY
c OF AN OUTSIDE SPACE | [KG/M**3] _

c

C OUTPUT

6 — ‘

c cK) - CONCENTRATION OF EACH PRODUCT IMMEDIATELY ABOVE (IN
c SPACE | = 1) AND BELOW (IN SPACE | = 2) THE VENT

c [(UNIT OF PRODUCT)/(KG LAYER)]

C CVENT() . CONCENTRATION OF EACH PRODUCT IN THE VENT FLOW

c COMPONENT ENTERING SPACE | [(UNIT OF PRODUCT)/(KG OF
c VENT FLOW)]

C FRACM() . FRACTION OF XMVENT() EXTRACTED FROM NEARVENT LAYER
c OF SUPPLY ROOM

C FRACOQ) - FRACTION OF QVENT() EXTRACTED FROM NEARVENT LAYER
c OF SUPPLY ROOM

C FRACP(K.) . FRACTION OF PVENT(K,) EXTRACTED FROM NEAR-VENT LAYER
c OF SUPPLY ROOM

C XML . RATE AT WHICH MASS IS ADDED TO THE LOWER LAYER OF AN
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INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE | =
1 (1 = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
SPACE = 2 (I = 1) [KG/S]

XMU() . RATE AT WHICH MASS IS ADDED TO THE UPPER LAYER OF AN

INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE | = 1

( = 2) DUE TO THE VENT FLOW COMPONENT ENTERING SPACE

1 =2 (I = 1) [KG/S]

MASS FLOW RATE IN THE VENT FLOW COMPONENT ENTERING

SPACE | [KG/S]

PL(K.) . RATE AT WHICH PRODUCT K 1S ADDED TO THE LOWER LAYER OF
AN INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE |
= 1 (1 = 2) DUE TO THE VENT FLOW CONPONENT ENTERING
SPACE | = 2 (1 = 1) [(UNIT OF PRODUCT)/S]

PUK,D . RATE AT WHICH PRODUCT K IS ADDED TO THE UPPER LAYER OF
AN INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE SPACE |
= 1 (1 = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
SPACE | = 2 (1 = 1) [(UNIT OF PRODUCT)/S]

XMVENT(})

0000000000

PVENT(K,) . FLOW RATE OF PRODUCT K IN THE VENT FLOW COMPONENT
ENTERING SPACE | [(UNIT OF PRODUCT)/S]

PO) - ABSOLUTE PRESSURE IMMEDIATELY ABOVE (N SPACE | = 1)
AND BELOW (IN SPACE | = 2) THE VENT [PA = KG/(M*S**2)]

aL) . RATE AT WHICH ENTHALPY IS ADDED TO THE LOWER

LAYER OF AN INSIDE ROOM | = 1 (I = 2) OR TO AN OUTSIDE
SPACE | = 1 (I = 2) DUE TO THE VENT FLOW COMPONENT
ENTERING SPACE | = 2 (I = 1) [W]
au( - RATE AT WHICH ENTHALPY 1S ADDED TO THE UPPER LAYER OF
AN INSIDE ROOM | = 1 (1 = 2) OR TO AN OUTSIDE SPACE |
= 1 0 = 2) DUE TO THE VENT FLOW COMPONENT ENTERING
SPACE (=2 (1 =1) W]

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

QVENT() - FLOW RATE OF ENTHALPY IN THE VENT FLOW COMPONENT
ENTERING SPACE | [W]
™ - ABSOLUTE TEMPERATURE IMMEDIATELY ABOVE (IN SPACE | =
1) AND BELOW (IN SPACE | = 2) THE VENT [K]
TVENT() - ABSOLUTE TEMPERATURE OF THE VENT FLOW COMPONENT
ENTERING SPACE | [K]
DELP - CROSS-VENT PRESSURE DIFFERENCE, P(2) - P(1), [PA =
KG/(M*S**2)]
DENQ) - DENSITY IMMEDIATELY ABOVE (IN SPACE | = 1) AND BELOW
(IN SPACE | = 2) THE VENT [KG/M**3]
DENVNT() . DENSITY OF THE VENT FLOW COMPONENT ENTERING SPACE |
[KG/M**3]
C*END
c.““
C++++ NOTE THAT NPMAX2 SHOULD BE BIGGER THAT NPMAX
c’”ﬁ
PARAMETER (NPMAX2=10)

DIMENSION CONL(NPMAX2,2), CONU(NPMAX2,2), TL(2), TU(2)
DIMENSION YCEIL(2), YREF(2), YLAY(2), DPREF(2)
DIMENSION DENL(2), DENU(2)
DIMENSION C(NPMAX2,2), CVENT(NPMAX2,2), XML(2), XMU(2)
DIMENSION XMVENT (2)
DIMENSION FRACM(2),FRACQ(2),FRACP(NPMAX2,2)
DIMENSION PL(NPMAX2,2), PU(NPMAX2,2), PVENT(NPMAX2.2), P(2)
DIMENSION GL(2),QU(2)
DIMENSION GVENT(2), T(2), TVENT(2), DEN(2), DENVNT(2)
DIMENSION DP(2),VB(2),VST(2), VENT(2)
DIMENSION DEL(2),DELY(2)
PARAMETER (GAM=1.40D0)
DATA IFIRST/O/
SAVE IFIRST,GAMCUT,GAMMAX
PARAMETER (G=9.80D0)
PARAMETER (P1=3.141592654D0)
PARAMETER (SIGMA2=1.045D0)
PARAMETER (XM3=-0.707000)
GR=0.D0
APOWER=1.00
VHIGHFL=0.00
DELPFL=0.D0
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DO 5 1=1,2

VST (1)=0.00
VB(1)=0.D0
QVENT(1)=0.00
XMVENT(1) =0.D0
XML(1)=0.D0
XMU(1) =0.D0
QL{1)=0.00
QU(H)=0.D0

DO 2 NP=1,NPROD
PVENT(NRI)=0.D0
PL(NPI)=0.D0
PU(NPJ)=0.00
CONTINUE
CONTINUE

THE FOLLOWING CODE SEGMENT COMPUTES CONSTANTS REQUIRED BY VENTCF2.
IT IS EXECUTED THE FIRST TIME VENTCF IS CALLED.

°31%an

IFQFIRST.EQ.0) THEN
IFIRST = 1
GAMCUT = (2.0D0/(GAM+1 L0D0))**(GAM/(GAM-1.000))
ZZZ=GAM*({2.0D0/(GAM+1 .0D0))**((GAM +1.0D0) /(GAM-1.0D0)))
GAMMAX = DSQRT(ZZZ)

ENDIF

[+
Coer IF AVENT = 0 THEN CALCULATION IS OVER
c

JF(AVENT.EQ.0.D0)GOTO 200

Cc
C*** 1. CALCULATE THE P() AND DELP

0

DO10I=1,2
IF(YREF(I).LE.WENTAND.WENIIE.YLAY(I))THEN

THE VENT IS AT OR BELOW THE REFERENCE ELEVATION IN SPACE L. IF
SPACE | IS AN INSIDE ROOM THEN BOTH THE VENT AND THE LAYER
INTERFACE ARE AT THE FLOOR ELEVATION.

“111

DP( = - G*DENL()*(YVENT - YREF()
ELSE

THE VENT IS ABOVE THE REFERENCE ELEVATION IN SPACE |.
IFSPACEIISANINSIDEROOMTHENTHEVENTISATTHE
CEILING.

DP(l) = - G*DENL()* (YLAY())-YREF()
- G*DENU()*(YVENT-YLAY(D)
ENDIF

P(I)-DPREF(!)+DP(|)+PDATUM
CONTINUE

. 1Y

DELP IS PRESSURE IMMEDIATELY BELOW THE VENT LESS PRESSURE
IMMEDIATELY ABOVE THE VENT.

DELP = (DPREF(2)-DPREF(1))+(DP(2)-DP(1))

CALCULATE D, DEL()), DELY()) AND THE EFFECTIVE PROPERTIES OF
FLOW INTO THE VENT. IF AN ADJACENTVENT LAYER IS "TOO THIN,”
THESEAREBASEDONMIXINOOFGASB(TRACTEDFHOMBO‘IHTHE
ADJACENT AND THE FAR LAYER. CALCULATE DELDEN.

1111 "1

D=DSQRT(4.DO*AVENT/PY)
DO3iI=1,2
DEN(l) = 0.0D0
T() = 0.000
DO 22 K = 1, NPROD
C(K)) = 0.000
= CONTINUE
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COMPUTE DEL(l) AND DELY()):

IF(YCEIL{).GT.YREF()) THEN
DEL (1) =MIN((YCEIL()-YREF 1))/2.00,0/2.00)
DELY(l)=DABS(YLAY(I)-YVENT)
ELSE
DEL(l)=D/2.00
DELY(}) =0.D0
ENDIF

COMPUTE EFFECTIVE NEAR-VENT PROPERTIES:

IF(DELY().GT.DEL()) THEN
{F(LEQ.1)THEN
DEN(1)=DENL(1)
T()=TL(1)
po24 K=1NPROD
C(K,1)=CONL(K,1)
CONTINUE
ELSE
DEN(2) =DENU(2)
T(2)=TU(2)
po26  K=1NPROD
C(K,2)=CONU(K,2)
CONTINUE
ENDIF
IF(LEQ.1)THEN

DEN(1)=DENU(1)*(1 DO-((DELY(1)/DEL(1))**APOWER))
+DENL(1)*((DELY(1)/DEL(1))**APOWER)

T{1)=TU(1)*DENU(1)/DEN(1)

po28  K=1,NPROD

C(K,1)=(CONU(K,1)*DENU(1)*
) .DO-((DELV(1)IDEL(1))“APOWER))

+OONL(K.1)‘DENL(1)'((DELY(1)IDEL(1))"APOWER))IDEN(1)
CONTINUE
ELSE

DEN(2)=DENL(2)*(1 DO-((DELY(2)/DEL(2))**APOWER))
+DENU(2)* ((DELY(2)/DEL(2)) **APOWER)

T(2) =TL(2)*DENL(2)/DEN(2)

DO 30 K=1,NPROD

C(K.2)=(CONL(K,2)*DENL(2)
*(1.D0-((DELY(2)/DEL(2))**APOWER))
+OONU(K.2)'DENU(2)*((DELY(2)IDEL(2))"APOWEH))IDEN(2)
CONTINUE
ENDIF
ENDIF
CONTINUE

DELDENISDENSITYIMMEDIATELYABOVETHEVENTLESSDENSITY
DENSITY IMMEDIATELY BELOW THE VENT

DELDEN = DEN(1) - DEN{2)

3. CALCULATE VST(j), THE =STANDARD" VOLUME RATE OF FLOW
THROUGH THE VENT INTO SPACE | '

CALCULATE VST() IF DELP = 0
|F(DELREQ.0.0D0) THEN

VST(1) = 0.0D0

VST(2) = 0.000
ENDIF
|F(DELREQ.O.D0)  GOTO 32
CALCULATE VST(l) FOR NONZERO DELP

IF(DELP.GY.0.0D00)THEN
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VST(2) = 0.0D0
RHO = DEN(2)
EPS = DELP/P(2)

ENDIF
IF(DELPLT.0.0D0) THEN
VST(1) = 0.0D0
RHO = DEN(1)
EPS = -DELP/P(1)
ENDIF

X = 1.0D0 - EPS
COEF = 0.60D0 + 0.25D0*EPS
XO = 1.0D0
EPSCUT = EPSP*MAX(XO,DPREF(1),DPREF(2))
EPSCUT = DSQRT(EPSCUT)
SRDELP = DSQRT(DABS(DELP))
FNOISE = 1.000
IF((SRDELPIEPSCUT).EJ:!O.DO)THEN
FNOISE = 1.0D0 - DEXP(-SRDELP/EPSCUT)

NOTE: IF SINGLE PRECISION THEN USED 65. INSTEAD OF 130.

ENDIF
IF(EPS.LE.0.1D-5)THEN
W = 1.0D0 - 0.75D0*EPS/GAM
ELSE
IF(EPS LT.GAMCUT)THEN
GG = X**(1.0D0/GAM)
FF = DSQRT((2.0D0*GAM/(GAM-1.0D0))*GG*Ga*
{1.000-X/GG))
ELSE
FF = GAMMAX
ENDIF
W = FF/DSQRT(EPS+EPS)
ENDIF
V = FNOISE*COEF*W*DSQORT(2.000/RHO)*AVENT*SRDELP
IF(DELRGT.0.0D0)VST(1) = V
IF(DELPLT.0.0D0)VST(2) = V

32 CONTINUE

°1911%1° "I1°1INIY

-t

-h

4. WHEN CROSSVENT DENSITY CONFIGURATION 1S UNSTABLE, LE.,
DELDEN > 0, THEN CALCULATE THE VENT FLOW ACCORDING TO:
COOPER, LY, COMBINED PRESSURE- AND BUOYANCY-DRIVEN FLOW
THROUGH A HORIZONTAL VENT, TO APPEAR AS NISTIR, NATIONAL
INSTITUTE OF STANDARDS AND TECHNOLOGY, GAITHERSBURG MD

FOR STABLE CONFIGURATION, GO TO 5. AND VOLUME FLOW RATES WITH
STANDARD MODEL

#F(DELDEN.LE.0.0D0) GOTO 35

FOR UNSTABLE CONFIGURATION, NOW CALCULATE THE COMBINED PRESSURE-

AND BUOYANCY-DRIVEN VOLUME VENT FLOW RATES FROM THE HIGH-TO-LOW
AND FMIITHELOVI-TO-HIQHSIDESOFWEVENT.VBHIGHANDVBWW,
RESPECTIVELY. FROM THESE THEN CALCULATE THE COMBINED PRESSURE-

AND BUOYANCY-DRIVEN VOLUME FLOW RATES, VB(1), THROUGH THE VENT

INTO SPACE L.

TBAR=(T(1)+T(2))/2.00
DENBAR=(DEN(1) +DEN(2))/2.00
XMEW = (0.04128D-7)*DENBAR* (TBAR*+2.500)/(TBAR +110.4D0)
EPSDEN=DELDEN/DENBAR
GR=2.D0*G*(D**3)*EPSDEN/((XMEW/DENBAR) **2.00)
IF(DELRQGT.0.D0) EPSDEN=-EPSDEN
VHIGHFL=0.1754D0AVENT*DSGRT(2.00*G*D*DABS (EPSDEN))*
DEXP(0.5536D0*EPSDEN)
DELPFL =0.2427D0%(4.D0*G*DABS (EPSDEN*DENBAR) *D) *(1.00 +EPSDEN/2.00)*
DEXP(1.1072D0*EPSDEN)
DPDDPFL =DABS (DELP)/DELPFL
SIGMA1 =FNOISE*COEF*W/0.178000
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IF(DPDDPFL.GE.1.D0) THEN
VBLOW=0.D0
VBHIGH=VHIGHFL*(1 .DO-(SIGMA2**2.D0) +
DSQRT(SIGMA2**4.D0+ (SIGMA1**2.D0)* (DPDDPFL-1.00)))

ELSE
VEXMAX=0.055D0* (4.D0/PI) *AVENT*DSQRT(G*D*DABS (EPSDEN))
XM= (SIGMA1/SIGMA2)**2.00-1.00
VBLOW =VEXMAX*(((1.D0+XM3/2.D0)*((1.00-DPDDPFL)**2)-
(2.D0+XM3/2.D0)*(1.00-DPDDPFL)) **2.00)
IF(DPDDPFLEQ.0.D0) THEN
VBHIGH=VBLOW
ELSE
VBHIGH=VBLOW+
(XM-DSQRT(1.D0-+ (XM*+2.00-1.D0)*(1.00-DPDDPFL))*
VHIGHFL/(XM-1.D0)
ENDIF
ENDIF
IF (DELP.GT.0.D0) THEN
VB(1)=VBHIGH
VB(2) =VBLOW
ELSE
VB(1)=VBLOW
VB(2) =VBHIGH
ENOIF
5. CALCULATE VVENT()), THE VOLUME RATE OF FLOW THROUGH
THE VENT INTO SPACE |
CONTINUE
IF (DELDEN.LE.0.0D0) THEN

VVENT(1) = VST(1)
VVENT(2) = VST(2)
ELSE
IF((0.D0.LT.GR).AND.(GRLT2.07)) THEN
VVENT(1)=VST(1)+ (GR/2.D7)*(VB(1)-VST(1))
WENT(z)-EVgéz)-*(OmW)’(VB(z)-VST(?))
VVENT(1)=VB(1)
VVENT(2) =VB(2)
ENDIF
ENDIF
6. CALCULATE THE VENT FLOW PROPERTIES

DENVNT(1) = DEN(2)*P(1)/P(2)
DENVNT(2) = DEN(1)*P(2)/P(1)
TVENT(1) = T(2)

TVENT() = T(1)

DO 80 K = 1, NPROD
CVENT(K,1) = C(K.2)
CVENT(K.2) = C(K,1)

CONTINUE

7. CALCULATE THE VENT MASS FLOW RATES

DOGOI =12
XMVENT() = DENVNT()*VVENT()
CONTINUE

8. CAI.OULATE.THERESTOFTHEVENTFLDWHATBS

DO 70 I=1,2
QVENT(l) = XMVENT()*CP*TVENT()
DO 65 K = 1, NPROD
PVENT(K,1) = XMVENT()*CVENT(K,D)
CONTINUE
CONTINUVE

9. GALCULATEWERATEATWHICHTHEVENTFLDWSADDMASS,
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ENTHALPY, AND PRODUCTS TO THE LAYERS OF THE SPACES FROM
WHICH THEY ARE EXTRACTED. FIRST TREAT LAYERS OF SPACE 1

AND THEN SPACE 2.

DO 150 | = 1,2
FRACM()=1.00
FRACQ())=1.D0

DO 72 K=1,NPROD

FRACP(K,))=1.00

CONTINUE

IF(DELY(1).GT.DEL(1)) THEN
IF(LEQ.1)THEN
XML(1) =-XMVENT(2)

ENDIF
ELSE

XMU(1) =0.0D0

QL(1) = -QVENT(2)

QU(1) = 0.0D0

DO 75 K=1,NPROD
PL(K,1) = -PVENT(K,2)
PU(K,1) = 0.0D0

CONTINUE

IF(YCEIL(1).EQ.YREF(1)) THEN
XMU(1) =XML(1)
Qu(1)=aL(1)
Do 80 K=1,NPROD

PU(K,1)=PL(K,1)

CONTINUE

ENDIF

XMU(2) =-XMVENT(1)
XML(2)=0.D0
QU(2)=-QVENT(1)
QL(2)=0.00
DO 85 K=1,NPROD
PU(K.2) =-PVENT(K,1)
PL(K,2)=0.00
CONTINUE
IF(YCEIL(2).EQ.YREF(2)) THEN
XML.(2) =XMU(2)
QL(2)=QU(2)
DO 90 K=1,NPROD
PL(K,2)=PU(K.2)
CONTINUE
ENDIF

IF(LEQ.1)THEN

XMU(1)=-DENU(1)*(1 .DO-((DELY(1)/DEL(1))**APOWER))

*WVENT(2)
XML (1) =-DENL(1)*(((DELY(1)/DEL(1)) **APOWER)) *VVENT(2)
IF (XMVENT(2).GT.0.D0)FRACM (2) = XML(1)/XMVENT(2)
QU(1)=XMU(1)*CP*TU(1)
QL(1)=XML(1)*CP*TL(1)
IF(QVENT(2).GT.0.00)FRACQ(2) =GL(1)/QVENT(2)
DO 95 K=1,NPROD
PU(K,1) =XMU(1)*CONU(K,1)
PL(K,1) =XML{1)*CONL(K,1)
IF(PVENT(K,2).GT.0.00)FRACP(K.2) =PL(K,1)/PVENT(K.2)
CONTINUE
IF (YCEIL(1).EQ.YREF(1)) THEN
XML (1) =XMU(1)
QL(1)=Qu(1)
DO 100 K=1,NPROD
PL(K,1)=PU(K,1)
CONTINUE
ENDIF

XML(2) =-DENL(2)*(1.D0~((DELY(2)/DEL(2)) **APOWER))
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110
ENDIF
ENDIF

150 CONTINUE
200 CONTINUE

RETURN

END

*VVENT(1)
XMU(2) =-DENU (2)*(((DELY(2)/DEL(2)) **APOWER)) *WVENT(1)
IF (XMVENT(1).GT.0.D0) FRACM(1)=XMU(2) XMVENT (1)
QL(2)=XML(2)*CP*TL(2)
QU(2) =XMU(2)*CP*TU(2)
IF (QVENT(1).GT.0.00)FRACQ(1)=QU(2)/QVENT(1)
DO 105 K=1,NPROD
PL(K,2) =XML(2)*CONL(K.2)
PU(K,2) =XMU(2)*CONU(K,2)
IF(PVENT(K,1).GT.0.D0)FRACP(K,1) =PU(K2)/PVENT(K,1)
CONTINUE
IF(YCEIL(2).EQ.YREF(2)) THEN
XMU(2) =XML(2)
QuU(2)=aL(2)
DO 110 K=1,NPROD
PU(K,2)=PL(K,2)
CONTINUE
ENDIF
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completely modular, and It is suitable for general use in two-layer, multi-room, zone-type fire model computer codes. It has been
tested over a wide range of input variables and these tests are described.
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